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In this thesis, the effect of mechanical deformation on structure, thermal stability and 
hardness of a single-phase spray-deposited quasicrystalline alloy with composition 
Al62.5Cu25Fe12.5 has been investigated in detail. The purpose of the investigation was to 
study the effect of mechanical milling at different milling speeds (which approximately 
scale with the milling intensity) on mechanically-induced phase transformations during 
milling and on the phase evolution during subsequent heating. 
The results of the milling experiments indicate that, irrespective of the milling speeds 
used, mechanical milling of Al62.5Cu25Fe12.5 quasicrystals leads to the formation of a 
disordered CsCl-type β phase with grain size of about 10 – 20 nm. The analysis of the 
kinetics of the QC–to–β phase transformation reveals that the milling intensity has a 
considerable effect on the characteristics of the transformation. The increase of the milling 
speed considerably shortens the incubation time needed to start the QC–to–β phase 
transformation. Also, the overall transformation is much faster for milling at high speeds. 
The QC–to–β phase transformation starts when the grain size of the quasicrystals is 
reduced to about 10 nm irrespective of the milling speed used and clearly indicates that a 
critical grain size of the quasicrystals for initiating the transformation exists. On the other 
hand, no critical value of lattice strain was found for the QC–to–β transformation. This 
indicates that the phase transformation is controlled by the local length scale (i.e. the grain 
size) and by the corresponding grain boundaries rather than by the energy stored in the 
lattice. 
Energetic considerations obtained through a simple model based on the mass and 
velocity of the milling balls reveal that the energy needed for the QC–to–β transformation 
increases with increasing the milling speed, that is, the energetic efficiency of the process 
decreases with increasing the milling intensity. This indicates that part the extra energy 
supplied during milling at high intensities is not used to induce the phase transformation 
but it is dissipated by heat. 
During heating, the milled powder displays a multi-step thermal behavior characterized 
by the grain growth of the disordered β phase at low temperatures, followed, at higher 
temperatures, by its transformation into the original icosahedral quasicrystalline phase. The 
transformation is gradual and the quasicrystals and the disordered β phase coexist over a 
temperature interval of more than 250 K. 
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The phase transformations occurring during milling and subsequent annealing have a 
remarkable effect on the hardness, which can be tuned within a wide range of values (7–
9.6 GPa) as a function of the volume fraction of the different phases. This suggests that a 
composite material with optimized mechanical properties can be produced by an 
appropriate thermo-mechanical treatment. 
The quasicrystals milled at a very low speed show a transition between Hall-Petch to 
inverse Hall-Petch behavior at a grain size of about 40 nm, which represents the critical 
value for grain size softening of the present Al62.5Cu25Fe12.5 quasicrystals. This behavior 
may be attributed to the complexity of the quasicrystalline structure and to its peculiar 
deformation mechanism at room temperature (i.e. shear banding), where meta-dislocation-
assisted deformation is almost absent. 
In order to analyze the effectiveness of the Al62.5Cu25Fe12.5 quasicrystals as reinforcing 
agent in metal matrix composites, Al-based composites were synthesized by hot extrusion 
of elemental Al blended with different amounts of Al62.5Cu25Fe12.5 quasicrystalline 
particles. The work was focused on two specific aspects: evaluation of the mechanical 
properties through room temperature compression tests and modeling of the resulting 
properties. The addition of the quasicrystalline reinforcement is very effective for 
improving the room temperature mechanical properties of pure Al. The compressive 
strength increases from 155 MPa for pure Al to 330 and 407 MPa for the composites with 
20 and 40 vol.% of reinforcement, respectively, reaching an ultimate strain of 55 % and 20 
% before fracture occurs. These results indicate that the addition of the QC reinforcement 
leads to composite materials with compressive strengths exceeding that of pure Al by a 
factor of 2 – 2.5, while retaining appreciable plastic deformation. 
The mechanical properties of the composites have been modeled by taking into account 
the combined effect of load bearing, dislocation strengthening and matrix ligament size 
effects. The calculations are in very good agreement with the experimental results and 
reveal that the reduction of the matrix ligament size, which results in a similar 
strengthening effect as that observed for grain refinement, is the main strengthening 
mechanism in the current composites. 
Finally, the interfacial reaction between the Al matrix and the QC reinforcement has 
been used to further enhance the strength of the composites through the formation of a new 
microstructure consisting of the Al matrix reinforced with Al7Cu2Fe ω-phase particles. The 
optimization of the structure-property relationship was done through the systematic 
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variation of the processing temperature during consolidation. The mechanical behavior of 
these transformation-strengthened composites is remarkably improved compared to the 
parent material. The yield strength of the composites significantly increases as the Al + QC 
 ω transformation progresses from 195 MPa for the sample reinforced only with QC 
particles to 400 MPa for the material where the Al + QC  ω reaction is complete. 
These results clearly demonstrate that powder metallurgy, i.e. powder synthesis by ball 
milling followed by consolidation into bulk specimens, is an attractive processing route for 
the production of novel and innovative lightweight composites characterized by high 
strength combined with considerable plastic deformation. In addition, these findings 
indicate that the mechanical behavior of Al-based composites reinforced with 
Al62.5Cu25Fe12.5 quasicrystalline particles can be tuned within a wide range of strength and 
plasticity depending on the volume fraction of the reinforcement as well as on the extent of 
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Chapter 1. Introduction 
In 1984, Shechtman et al. [She84] observed an electron diffraction pattern of the rapidly 
solidified Al86Mn14 alloy exhibiting three-dimensional icosahedral symmetry. This symmetry 
was in contradiction to the conventional knowledge of crystallography at the time. In classical 
crystallography, a crystal is defined as a three-dimensional periodic arrangement of atoms 
with translational periodicity along its three principal axes [San94]. Thus, it is possible to 
obtain an infinitely extended crystal structure by aligning building blocks called unit-cells 
until the space is filled up. On the other hand, ordered but non-periodic phases, called 
quasicrystals (QC), do not show three-dimensional translational periodicity but they do show 
perfect long-range order [Jan94]. Despite initial derision, Shechtman’s breakthrough led to a 
paradigm shift in crystallography and to numerous discoveries of structures with “forbidden” 
5-fold, 8-fold, 10-fold or 12-fold symmetries [Ben85, Ish85, Che88, Wan87, Jan94]. 
Eventually, Shechtman went on to receive the noble prize for his work in 2011. In comparison 
to conventional crystalline materials, QC materials have unique structure and, as a result, they 
posses a distinctive set of properties. Among the QC-forming alloys, Al-Cu-Fe is a system 
which consists of easily accessible elements and forms an icosahedral structure [Blo00, 
Bes97]. This system exhibits many attractive characteristics. For instance, Al-Cu-Fe 
quasicrystals have high hardness (9.8 GPa), low friction coefficient and unusual thermal and 
electrical properties (like low thermal conductivity and relatively high electrical resistivity) 
[Lan00, Saa04]. This set of properties makes them an attractive material with potential for 
many applications. For example, Al-Cu-Fe QC can be utilized as a catalytic material in steam 
reforming of methanol [Tan10]. For this purpose, the fine powder of the QC phase providing 
high surface area and refined microstructure can help to elevate the catalytic activity to such 
levels that it may replace the currently used catalytic agents in the future [Jen98, Tan10]. This 
role of Al-Cu-Fe QCs would help to provide alternative energy sources, based on H2, to the 
world which is extremely important for the continuous growth of economies and industrial 
civilization as one of the primary energy sources oil is expected to run out before 2040.  
Besides catalysis, QCs can also be used in Al-based metal matrix composites (MMCs). 
QCs have good interfacial bonding and compatible thermal expansion coefficient with the Al 
matrix (as compared to typical SiC reinforcement) and provide strengthening and stiffness in 
the composites due to their high hardness and large Young’s modulus [Saa04]. Such MMCs 
with particulate QC reinforcement can be synthesized using powder metallurgy (P/M) routes. 
The family of the discontinuously-reinforced MMCs (e.g. particulate-reinforced composites) 
is particularly attractive due to their easier fabrication routes, lower cost and nearly isotropic 
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properties [Cly93] compared to continuously-reinforced MMCs. Furthermore, an additional 
advantage of discontinuously-reinforced over the continuously-reinforced MMCs is that most 
existing processing techniques can be used for fabrication and finishing of the composites, 
including hot rolling, hot forging, hot extrusion and machining [Kai06, Emb89]. Isotropic 
aluminum composites discontinuously reinforced with QCs can further be tailored by varying 
the reinforcement content as well as by optimizing the interfacial reaction between matrix and 
reinforcement through proper control of the processing temperature inherent to the P/M 
technique. Utilizing QCs in place of conventional ceramic reinforced materials (e.g. SiC and 
Al2O3) [Kai06, Sli06, Tan98] can further expand the scope of Al-based MMCs by 
overcoming certain limitations of the conventional reinforcements. For example, the 
commercial application of ceramic-reinforced composites is hindered by the extreme 
difficulties encountered for conventional Al recycling methods and additional costs due to the 
production of SiC (typically two to four times the cost of the Al alloy powder). Low 
toughness and high wear of tooling are additional disadvantages. Therefore, the research on 
developing affordable or cost-effective processing techniques similar to those usually carried 
out for unreinforced alloys is still much needed [Tan04, Tec90] and motivates to find 
alternatives reinforcement, such as Al-Cu-Fe QCs, for composite materials as well as new 
powder processing techniques for materials based on aluminum. 
Like catalysis and discontinuously reinforced composites, many other applications of Al-
Cu-Fe QCs utilize them in powder form and thus require P/M processing techniques. In P/M, 
milling is one of the techniques to produce powders. This method for powder synthesis can 
circumvent many of the limitations of conventional alloying and allows the preparation of 
alloys and composites which cannot be synthesized via conventional casting or rapid 
solidification routes [Sur04]. Milling, in fact, is a very versatile processing tool and can be 
used not only to produce powders in various shapes and sizes but also to modify the structural 
features (grain size, lattice strain, phase stability etc.) of the powders being processed. There 
are many parameters on which the outcome of the milling process depends, such as milling 
atmosphere, milling media-to-powder weight ratio, the material of the milling tools, milling 
speed etc. [Esk01]. Among these parameters, the variation of the milling speed is the most 
important since it results in altering the frequency of impacts between milling medium and 
powder, the variation in milling temperature as well as the energy input per unit time and per 
impact. It is, therefore, the primary parameter to be optimized in order to obtain QC powders 
with improved properties for applications in Al composites, in steam reforming of methanol 
etc. 
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Considering these points, the objective of this work is to study the structural changes 
occurring in the Al62.5Cu25Fe12.5 icosahedral quasicrystalline material during milling and to 
analyze and optimize the strengthening effect of the QC particles in Al-based metal matrix 
composites. 
An overview on the Al62.5Cu25Fe12.5 quasicrystalline alloys and aluminum composites is 
given in Chapter 2 along with the basic concepts of powder production, powder compaction 
and sintering. A summary of the experimental procedures used in the course of this work, 
which includes details on the processing routes and characterization techniques, is given in 
Chapter 3. The effect of mechanical milling and milling speed on structural features of Al-Cu-
Fe QCs along with the thermal stability is discussed in Chapter 4. Chapter 5 discusses the 
production and characterization of Al-based composites reinforced with mechanically milled 
Al-Cu-Fe reinforcement particles, with particular focus on the evaluation of the mechanical 
properties and the modeling of the resulting properties as well as the effect of phase 
transformation on the strengthening due to different consolidation temperature. Finally, 
summary and conclusions are presented in Chapter 6. 
Chapter 2. Motivation and state-of-the-art 
 4 
Chapter 2. Motivation and state-of-the-art 
 
2.1 Quasicrystalline materials 
In crystallography, a crystal is generally defined as a perfect three-dimensional periodic 
arrangement of geometrical points (the crystal lattice) [San94]. Each lattice point has 
identical surroundings, whose positions are defined by geometrical relations that preserve 
translational periodicity in three dimensions. Accordingly, only 14 different periodic ways 
of arranging identical lattice points are possible. These arrangements are known as Bravais 
lattices [San94]. Furthermore, a group of atoms can be associated to each lattice point. This 
introduces further symmetry elements, such as rotations. Considering the translational and 
rotational symmetries belonging to the Bravais lattices, 230 distinctive arrangements are 
possible. These 230 arrangements are know as the space groups and they describe the 
rotational and translational symmetry elements present in the structure. Normal crystal 
structures are limited to one of these 230 space groups [San94]. 
 
Figure 2.1 Permitted (triangles, squares and hexagons) and not permitted (pentagons) 
tilings in the two-dimensional space (after [Jan94]). 
Among the most well known consequences of periodicity is the fact that only two-, 
three-, four-, and six-fold rotational symmetries are allowed [San94]. Limitless volume can 
be filled by a crystal structure by aligning building blocks (unit-cells) with the permitted 
symmetries until the space is filled up. Five-fold rotational symmetry and any n-fold 
Chapter 2. Motivation and state-of-the-art 
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symmetry with n > 6 are incompatible with periodicity. This concept is more easily 
visualized in the two-dimensional space, as illustrated in Figure 2.1. A two-dimensional 
plane can be tiled with triangles, squares and hexagons with no voids or overlaps. This is 
due to the fact that regular polygons have vertex angles equal to integer fractions of 2pi. 
For example, the plane can be tiled with triangles, which have vertex angles equal to 2pi/6, 
with squares (2pi/4) or with hexagons (2pi/3). On the other hand, pentagons, which have 
vertex angles equal to 108°, are not able to completely tile the plane without voids and 
leave an uncovered angular gap of 36° [Jan94]. 
 
Figure 2.2 (a) Icosahedron and position of the high-symmetry axes and corresponding 
views along the (b) five-fold, (c) three-fold and (d) two-fold axis [Saa04]. (e) Typical 
electron diffraction pattern of a quasicrystalline phase displaying the five-fold 
rotational symmetry [Tsa97]. 
Forbidden rotational symmetries and crystalline order had to be reconsidered after the 
discovery by Shechtman et al. [She84] in a rapidly cooled Al-Mn alloy. The discovery 
showed icosahedral symmetry in the material through vivid electron diffraction patterns. 
The rotational symmetries of an icosahedron are six five-fold (from center to vertices), ten 
three-fold (from center to triangular facets) and fifteen two-fold (from center to middle 
edges) [Figures 2.2(a) – 2.2(d)]. The icosahedral point group is inconsistent with any of the 
230 crystallographic space groups and, therefore, the structure observed by Shechtman et 
al. [She84] represents a new type of condensed matter [Jan94, San94]. These types of 
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Quasicrystals display two conflicting aspects. They do show long-range order, but no 
three-dimensional translational periodicity [Jan94]. This can be observed in their electron 
diffraction patterns (see for example Figure 2.2(e)). The sharpness of the diffraction spots 
manifests long range order, which is generally associated with translational periodicity (i.e. 
with crystalline materials). On the contrary, the absence of long range order would give 
broadened halos instead of sharp spots [Jan94]. The observed diffraction spots do not 
however show any translational periodicity attributed with crystalline materials. Instead, 
groups of spots equidistant from the center are observed. The angles between the spots are 
2pi/10 = 36° and along a particular radial direction the distances between the spots are not 
in integer ratios, but are related to each other by τ = (1 + √5)/2 = 2 cos36° = 1.618…, the 
golden mean [Jan94]. This is a direct consequence of the presence of a non-
crystallographic rotational symmetry (i.e. five-fold symmetry). 
Besides the icosahedral phase, which is non-periodic in the three dimensions, 
quasicrystals that display other forbidden rotational symmetries (eight-, ten- and twelve-
fold) in two dimensions but are periodic in the third dimension have been observed as well 
[Ben85, Ish85, Che88, Wan87]. These classes of quasicrystals (octagonal, decagonal and 
dodecagonal) are quasiperiodic in two directions, in the quasiperiodic plane, and periodic 
in one direction, i.e. along the quasiperiodic axis [Haf99]. 
Miller indices can be used to represent the different reflections obtained from 
crystalline materials in an X-ray diffraction pattern [San94]. Miller indices consist of 3 
integer values and can conveniently characterize the reflections coming from crystalline 
materials having three-dimensional translational periodicity. However, quasicrystals have 
no three-dimensional translational periodicity, hence it is not possible to describe them in a 
three dimensional space using the Miller indices as for crystalline structures [Jan94]. 
However, non-crystallographic symmetries in the three dimensional space can become 
crystallographic in a higher dimensional space [Ste96]. This is due to the fact that the 
projection of periodic sequence in two dimensions can yield an aperiodic sequence in one 
dimension [Saa04]. Similarly, the aperiodic sequence in three dimensions may become 
periodic in higher dimensions. For example, the icosahedral quasicrystals, which are 
quasiperiodic in three dimensions, can be described as a periodic structure in a six-
dimensional space [Ste96]. This is because a regular icosahedron is completely defined by 
six vectors from center to vertices and, therefore, a six-dimensional space is required in 
Chapter 2. Motivation and state-of-the-art 
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order to describe the structure as periodic [Jan94] and, consequently, six integer indices are 
needed to label the diffraction intensities of the icosahedral quasicrystals. 
Table 2.1 Example of a Fibonacci chain corresponding to the consecutive iteration of 
the starting segment S. The Fibonacci number is the sum of all L and S segments in a 
line. The approximation of t is the ratio of the L and S segment of that line (after 
[Ste93]). 
Fibonacci number Approximation of t (L/S) Fibonacci chain 
1 0/1 = 0 S 
1 1/0 = ∞ L 
2 1/1 = 1 LS 
3 2/1 = 2 LSL 
5 3/2 = 1.5 LSLLS 
8 5/3 = 1.666… LSLLSLSL 
13 8/5 = 1.6 LSLLSLSLLSLLS 
21 13/8 = 1.625 LSLLSLSLLSLLSLSLLSLSL 
. . . 
. . . 
. 1.618033… . 
 
The principles of the higher-dimensional approach to describe quasicrystals can be 
better understood by considering the so-called Fibonacci chain. The one-dimensional 
Fibonacci chain can be obtained by a sequence of short (S) and long (L) segments. The 
sequence must obey some rules [Jan94], as for example S  L and L  LS. If one starts 
from a short segment S, in the next step S is replaced by L, L is replaced by LS and so on, 
giving the sequence given in Table 2.1. With repeated iterations, the ratio L/S equals 
precisely τ = 1.618033…, the golden mean [Kel93]. The golden mean is an interesting 
Chapter 2. Motivation and state-of-the-art 
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irrational number in the context of the icosahedral symmetry; for example, the distance 
ratio (center of vertices)/(center to middle edge) in a regular pentagon is equal to τ/2 
[Jan94]. 
 
Figure 2.3 Projection of the two-dimensional periodic lattice onto the one-dimensional 
subspace Rpar at an angle α: (a) rational, giving rise to a one-dimensional periodic 
structure; (b) irrational, giving rise to an ordered non-periodic sequence (after [Jan94]). 
The one-dimensional Fibonacci chain can be described as a quasiperiodic projection of 
a two-dimensional periodic lattice, as shown in Figure 2.3, which illustrates the projection 
method, where a strip of projection with finite width is used. All sites of the two-
dimensional lattice that lie inside the strip are projected onto the one-dimensional subspace 
Rpar at an angle α with the horizontal rows of the square lattice (e1). If the slope of the 
projection space Rpar is rational with respect to the two-dimensional lattice, the projected 
one-dimensional structure is a periodic set of sites [Figure 2.3(a)]. On the other hand, if the 
slope is irrational, such as in Figure 2.3(b), the projected structure is no longer periodic but 
Chapter 2. Motivation and state-of-the-art 
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consists of two segments with length a cos(α) = L and a sin(α) = S, respectively [Jan94]. If 
cos(α) / sin(α) = τ, the golden mean, the distribution of the L and S segments obeys the 
Fibonacci sequence. 
In a similar way, the structure of quasiperiodic structures in the three-dimensional 
space can be obtained by appropriate projection methods from higher dimensional spaces. 
For example, the icosahedral phase is obtained by projecting a segment of a six-
dimensional cubic lattice to a three-dimensional space [Kel93]. To do this, six basic 
vectors qi with length ׀q׀ can be selected from the twelve vectors pointing to the vertices of 
an icosahedron under the restriction qi ≠ - qj for all i and j. There are numerous possibilities 
to choose the basic vectors in this frame and, hence, there exist different index notations 
[Hel87]. 
For example, two commonly used methods for indexing the icosahedral structure are 
Bancel’s [Ban85] and Elser’s indices [Hee87]. Bancel’s indexing makes use of six 
independent vectors, which point to the vertices of an icosahedron. They are generated by 
cyclic permutations of (qx,qy,qz)= ( ± 1, ± τ, 0), yielding vectors q1 = (1,τ, 0), q2 = (1,−τ, 0), 
q3 = (0, 1, τ), q4 = (0, 1,−τ), q5 = (τ, 0, 1) and q6 = (−τ, 0, 1), where τ is the golden mean, 
(1+√5)/2. This indexing can be employed when studying the structure of icosahedral 
phases using either X-ray or electron diffraction. 
Table 2.2 Connection between the icosahedral basic vectors used by Bancel and Elser. 





 qBancel2  q
Bancel
3
 qBancel4  q
Bancel
5
 qBancel6  
x 1 1 0 0 τ -τ 
y τ -τ 1 1 0 0 
co-ordinate 
representation 
z 0 0 τ - τ 1 1 





 qElser2  q
Elser
5





Similarly, Elser’s method considers six vectors to give indices to a diffraction peak. 
The correlation between these two sets of basic vectors is presented in Table 2.2 [Hee87]. 
From Table 2.2 it is obvious that the same Bragg reflections are denoted by different index 
Chapter 2. Motivation and state-of-the-art 
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sets, e.g. the (110000) reflection according to Bancel’s indexing corresponds to the 
(l0000
−
1) reflection in Elser’s notation. However, the Bancel’s and Elser’s notations can 
always be co-related considering the difference scaling factors in the lattice constant taken 
by both methods and the vector transformation in the six dimensional space [Hee87]. 
Two models are used to describe quasicrystalline structures: the Penrose model and the 
quasi-unit cell theory. 
Penrose model. The Penrose model describes quasicrystals as composed of two or more 
unit cells, or tilings, which fit together according to specific matching rules. The two most 
common Penrose tilings are thin and fat rhombuses, with equal edge lengths and with 
angles of 36° and 144°, and 72° and 108°, respectively (Figure 2.4). These Penrose tilings 
have pentagonal orientational symmetry [Pen78]. Generally, certain empirical rules known 
as matching rules can be employed to fill the plane. Besides matching rules, geometrical 
methods can be used to treat the existing tilings with different mathematical algorithms to 
fill the space efficiently [Saa04]. 
 
Figure 2.4 Two-dimensional Penrose tiling [Ega93]. 
Quasi-unit cell theory. The Penrose model was among the first to explain the 
quasiperiodic structures. However, it encounters difficulties explaining the atom-scale 
growth processes involved in the build-up of a quasicrystalline structure [Saa04]. In 
contrast, discoveries concerning the formation of quasicrystalline structure are well 
explained by the quasi-unit cell theory, which is quite a recent approach to treat 
Chapter 2. Motivation and state-of-the-art 
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quasicrystalline structures [Dun00]. In the quasi-unit cell theory, the structure of 
quasicrystals is described in terms of a single, closely-packed repeating low energy cluster 
[Dun00]. The repeating cluster is equivalent to the unit cell in periodic crystals. The key 
difference from the Penrose model, however, is that the quasicrystal atomic arrangement in 
the quasi-unit cell theory is constrained to allow atom sharing among neighboring clusters 
[Saa04]. This atom sharing works only for special atomic arrangements and causes clusters 
to orientate according to certain rules or randomly with respect to another. The random 
orientation violates the Penrose model, since the symmetry conservation is not fulfilled. It 
is also proposed that the intercluster bonds are weaker than those holding the individual 
clusters together [Jen97]. 
Besides being interesting from the crystallographic point of view due to their complex 
atomic structure, the unique properties of quasicrystalline materials (e.g. low electrical and 
thermal conductivity, unusual optical properties, low surface energy and coefficient of 
friction, oxidation resistance, biocompatibility [Jan96] and high hardness) also make them 
interesting for many practical purposes [Saa04]. Quasicrystalline phases are today 
encountered in over 100 alloy systems, of which the majority are aluminum based [Saa04]. 
However, the alloying elements are often toxic, not easily available or very costly. The Al–
Cu–Fe quasicrystalline alloys are an exception; these alloys are interesting due to their lack 
of toxicity, easy availability and the favorable cost of their alloying elements [Blo00,  
Bes97]. In addition, the established technology of aluminum fabrication makes the Al–Cu–
Fe quasicrystalline alloys more attractive than many other quasicrystalline alloys [Saa04]. 
This has led the research on these unique materials shifting closer to commercial use with 
much of the interest nowadays concentrated on finding practical production techniques and 
applications. 
 
2.2 Al–Cu–Fe quasicrystals 
In 1939 it was reported for the first time [Bra39] that an unknown phase with phase 
relations of the icosahedral quasicrystalline phase exists in the ternary Al–Cu–Fe system. 
The phase was called an unknown ψ-phase with ideal formula Al6Cu2Fe. This (unknown) 
phase was reported to result from a peritectic reaction between the β-AlFe3 phase and the 
remaining liquid [Bra39]. In 1987, Tsai et al. [Tsa87] found that the unknown phase is a 
stable icosahedral quasicrystalline phase. The most important binary and ternary phases in 
the Al–Cu–Fe system are summarized in Table 2.3. 
Chapter 2. Motivation and state-of-the-art 
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Table 2.3 The most important binary and ternary phases and their structures in the Al–
Cu–Fe system [Saa04]. 
 
 
Figure 2.5 Part of the Al–Cu–Fe phase diagram at room temperature [Fau91]. Dashed 
areas: single-phase ranges; white areas: two-phase ranges; dotted areas: three-phase 
ranges. 
The Al–Cu–Fe phase diagram proposed by Faudot et al. [Fau91] shows that a single-
phase quasicrystalline structure with the compositions Al61.75–64Cu24–25.5Fe12–12.75 is 
obtainable at room temperature (Figure 2.5). However, the range in which the Al-Cu-Fe 
quasicrystals can be obtained varies with temperature as is indicated in Figure 2.6. The 
phase diagram shows that up to a temperature of 1133 K, the icosahedral phase (i) is 
formed within the compositional range of 20–28 at.% Cu and 10–14 at.% Fe. This 
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temperature indicates the onset of a peritectic reaction, through which the icosahedral 
phase forms from the melt under equilibrium conditions with a wider single phase region 
around 1023 K. Here, the peritectic reaction responsible for icosahedral phase formation is 
suggested to occur between the λ2-Al3Fe and β-AlFe(Cu) phases and the liquid. For the 
Al–Cu–Fe alloy of composition Al62Cu25.5Fe12.5, the X-ray diffraction lines of the 
quasicrystalline phase are narrow, independent of whether the annealing temperature is 
1073 or 873 K. Thus, between these temperatures there exists a single-phase region where 
the quasicrystalline phase is structurally perfect and remains stable [Saa04]. 
 
Figure 2.6 Pseudo-binary Al–Cu–Fe phase diagram in the range of compositions of the 
quasicrystalline (i) phase between ω (Al70Cu20Fe10) and Al58Cu28Fe14 [Fau91]. 
Considering the formation of the icosahedral phase in the Al-Cu-Fe system, an 
important point of the character of the phase diagram has been made by Gui et al. [Gui01]. 
They emphasized that the composition of each of the phases is different in different alloys. 
For example, the equilibrium composition of the icosahedral phase after annealing at 1073 
K is Al60.7Cu25.5Fe13.8 for the Al65Cu20Fe15 alloy and Al58.4Cu28.6Fe13 for the Al62.5Cu25Fe12.5 
alloy. This is because the icosahedral phase is achievable within a composition range of a 
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few atomic percents. For the Al65Cu20Fe15 alloy, the icosahedral phase is in equilibrium 
with the Cu-poor λ-Al13Fe4 phase, while in the Al62.5Cu25Fe12.5 alloy it is in equilibrium 
with the Cu-containing β-phase. Thus, the quasicrystalline phase in the Al65Cu20Fe15 alloy 
contains less Cu compared to that in the Al62.5Cu25Fe12.5 alloy. This observation indicates 
that the composition of the icosahedral phase in the Al–Cu–Fe alloys depends not only on 
the cooling condition and on the equilibrium temperature but also on the coexisting phases 
that are in equilibrium with the icosahedral structure [Gui01, Saa04]. 
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2.2.1 Synthesis of Al-Cu-Fe quasicrystals 
The formation of Al-Cu-Fe quasicrystals can be predicted by equilibrium phase 
diagrams. As a result, they can be prepared by conventional equilibrium processes utilizing 
melting and solidification procedures [Sor97, Tsa97]. Although thermodynamically stable 
Al-Cu-Fe quasicrystals can be produced by conventional solidification techniques [Saa04], 
their room temperature (RT) compositional range of stability is rather narrow (see Figure 
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2.5). However, non-equilibrium processing can be used to widen the compositional range 
of stability and to introduce substantial extension into the solid solubility of the alloying 
elements, thus allowing the production of metastable quasicrystals [Woj00]. Non-
equilibrium processing for the preparation of quasicrystalline materials includes rapid 
solidification techniques, such as melt spinning and gas atomization, mechanical alloying, 
electro-deposition and physical-vapor-deposition [Saa04]. In addition to these methods to 
directly produce quasicrystalline materials, crystallization of amorphous phases or high-
temperature heat treatment of crystalline intermetallic phases can also be used to obtain the 
quasicrystalline structure [Saa04]. The characteristics of the four most common fabrication 
methods of Al–Cu–Fe quasicrystals, i.e. melting accompanied by solidification obeying 
thermodynamic principles, rapid solidification in the form of melt spinning and gas 
atomization as well as mechanical alloying, are compared in Table 2.4. 
 
Figure 2.7 Compositional range for the formation of icosahedral quasicrystals in 
rapidly solidified Al–Cu–Fe alloys [Tsa87] ( indicates the presence of 
quasicrystalline phase only,  presents the coexistence of quasicrystalline and 
crystalline phases, and  addresses crystalline phases only). 
Rapid solidification techniques aim to retain the high-temperature microstructure at 
lower temperatures, generally at room temperature, by solidifying the melt so rapidly that 
the microstructural changes have no time to take place [Tak00]. As a typical example, 
Figure 2.7 shows the compositional range for icosahedral phase formation in rapidly-
solidified Al–Cu–Fe alloys [Tsa87]. The variation of the copper content of the rapidly-
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solidified Al–Cu–Fe quasicrystals is wider than that in thermodynamically stable Al–Cu–
Fe quasicrystals. Thus, a broader area for the icosahedral quasicrystalline structure is 
obtainable in rapidly-solidified Al–Cu–Fe alloys as compared to samples solidified under 
equilibrium conditions [Saa04]. 
Besides rapid solidification, mechanical alloying (MA) is another method to extend the 
solubility limits of the alloying elements into the base material [Sur01]. Accordingly, 
metastable quasicrystalline materials can be directly prepared by mechanical alloying of 
elemental powders [Sur01, Bar00, Yi01, Asa97]. The milling conditions strongly influence 
phase selection. For example, by milling at low intensity, an amorphous phase instead of 
the quasicrystalline phase may form [Eck91, Eck91-b]. At higher milling intensity or after 
milling for extended periods may result in the formation of a crystalline structure [Eck91, 
Eck91-b]. For intermediate milling intensities, suitable conditions for quasicrystal 
formation exist [Asa97, Eck91, Sur01-b]. In some cases, post-annealing treatment of the 
milled powder has to be performed to obtain the quasicrystalline structure [Yi02]. 
The ratio of Al to (Cu+Fe) is suggested to play the most important role in the formation 
of the icosahedral phase in MA Al–Cu–Fe alloys. For example, under low milling energy, 
powder with composition Al70Cu20Fe10 leads to the formation of the quasicrystalline phase 
after 30-40 h of milling and may involve a reaction between β and θ phases [Sri00, Bar01]. 
On the other hand, milling of Al65Cu20Fe15 powders may form the icosahedral phase only 
after 10-30 h of milling under different milling conditions [Asa94, Kim01]. With 
decreasing Al / (Cu+Fe) ratio, the role of the β phase for the formation of quasicrystals 
increases [Tur07]. In some MA studies, the quasicrystalline structure is obtained only after 
heat treatment of powders consisting of the β structure [Saa04]. 
It is also interesting to note that at temperatures above 748 K, the icosahedral 
quasicrystalline phase transforms into the ordered face-centered icosahedral (fci) phase 
[Saa04]. High- or low-energy milling for a sufficient time may raise the temperature to this 
value [Saa04]. However, generally for powders milled for 5-20 h, formation of the ordered 
face centered icosahedral phase is observed after further heating. The upper limit for the 
annealing temperature is 1131 K, which is the melting point of the ordered icosahedral 
structure [Asa94]. It is interesting to note that end product of ball milling is strongly 
influenced by the plastic deformation behavior of the powder particles under the milling 
conditions.  Quasicrystals, due to unique atomic arrangement, deform differently as 
compared to the crystalline materials [Wol01]. 
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2.2.2 Plastic deformation in Al-Cu-Fe quasicrystals 
Like crystalline materials, plastic flow in quasicrystals is influenced by dislocations 
[Urb97]. The characteristics of dislocation in quasicrystals are, accordingly, reflected in the 
ductility, strength and the work hardening behavior like in crystalline materials. However, 
dislocations in quasicrystals are special as they are accompanied by strain fields in two 
directions. The ‘conventional’ elastic strain takes place in a real space E||, while the phason 
strain occurs in a perpendicular space E⊥. Based on the existence of this phason strain, the 
characteristic features of dislocations in quasicrystals are somewhat different from those in 
crystals [Saa04]. In icosahedral quasicrystals, the Burgers vector of most dislocations is 
parallel to a two-fold direction, the close-packed five-fold or two-fold planes operating as 
glide planes [Urb97]. In addition, as the structure of quasicrystals is not periodic, the lattice 
areas above and below the glide plane behind a moving dislocation do not match in 
general. This mismatch of the lattice across the glide plane is called a matching-rule 
violation. With a tail of matching-rule violations the ideal structure of the quasicrystals is 
destroyed step by step. This results in a decreasing stress value, i.e. deformation softening, 
as a result of increasing strain [Wol01], while in crystalline metals deformation hardening 
generally takes place. 
The high-energy phason faults, in quasicrystalline materials, make the dislocations 
immobile in the low temperature range where atomic diffusion is not allowed, leading to 
brittle fracture [Saa04]. However, at elevated temperatures quasicrystalline materials 
become plastic [Wol01]. Dislocation motion is proposed to be one important mechanism 
for the high-temperature plastic deformation of Al–Cu–Fe quasicrystals [Saa04]. 
According to Shield and Kramer [Shi97], this dislocation glide takes place predominantly 
at grain boundaries in the temperature range 953–993 K. 
 
2.3 Potential applications of quasicrystals 
In quasicrystalline materials, a gap exists in the electron density of states, which results 
in a higher electrical resistivity than for the corresponding crystalline materials [Lan00]. 
The closer the quasicrystalline structure is to a perfect quasicrystalline structure with no 
structural defects (i.e. phasons), the higher the electrical resistivity of the material. 
Similarly, the thermal conductivity of quasicrystals is generally extremely low, much 
lower than that of crystalline metallic materials and similar to that of oxides, which are 
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known as very efficient insulators, and it increases with temperature [Arc97]. This unique 
set of characteristics makes Al-Cu-Fe quasicrystals useful material for heat flow detection 
devices [Saa04]. 
Besides thermometry, Al–Cu–Fe quasicrystalline thin films are especially well suited 
as selective absorbers in solar thermal applications due to their good solar absorbance of 
90% and good optical properties. This kind of solar absorbance panel exploiting 
quasicrystalline Al–Cu–Fe layers has already been fabricated [Eis97]. 
 
Figure 2.8 Areal H2 production rates of Al-Cu-Fe catalysts as a function of the 
reaction temperature [Tan10]. 
 
The high hardness and good wear resistance accompanied by the low friction 
coefficient of Al–Cu–Fe and other quasicrystals advocate their use as coating materials 
[Sor00]. These properties have been employed in cylinder liners and piston coatings in 
motorcar engines [Jan96]. Also, biocompatibility together with the good surface properties 
is a very promising property combination for introducing Al–Cu–Fe quasicrystals into 
surgical applications as a coating on metallic parts used for bone repair and prostheses 
[Jan96]. Al–Cu–Fe quasicrystals are expected to be used in thermometry and heat flow 
detection due to their temperature-dependent electrical conductivity [Jan96]. 
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The unusual properties of quasicrystalline alloys can be employed in catalyst 
applications. The fact that several of the quasicrystalline alloys discovered contain 
catalytically important constituents further supports this scenario [Jen98, Tan10]. 
Quasicrystalline Al–Cu–Fe alloys have the potential to be used especially as catalysts for 
the steam-reforming of methanol. Steam reforming of methanol 
(CH3OH+H2O→3H2+CO2) has been performed on a stable Al–Cu–Fe quasicrystal 
revealing excellent activity, after leaching treatment [Tan10]. Development of 
nanostructured forms of Al–Cu–Fe quasicrystals with high surface area (e.g. fine powder) 
has become very interesting as has been found for other catalytic materials [Zal01]. 
The Al–Cu–Fe QC catalyst has a higher catalytic activity and durability than the 
related crystalline catalysts (Figure 2.8). The excellent performance of the QC catalyst is 
ascribed to the formation of a homogeneous leached layer consisting of fine Cu crystallites 
that are generated on the QC surface by the leaching treatment in aqueous NaOH [Tan10]. 
It is expected that these promising quasicrystalline Al–Cu–Fe catalysts will appear on the 
market in the near future [Tsa01]. Grain size and surface area of catalytic materials are of 
great interest as they can have a considerable effect on catalysis [Tan10]. Therefore, 
processes which can refine the structure and shape of catalyst materials are of great 
importance. For example, ball milling yields a wide variety of fine sizes and structures 
depending on the milling parameters (e.g. milling intensity and milling time). Therefore, 
improvement of the catalytic properties of a material can be achieved through a broad 
spectrum of ball milling conditions [Zal01].  
To enhance the catalytic activity, the effect of milling parameters like milling speed 
and ball-to-powder ratio (BPR) have to be carefully studied in order to find the optimum 
milling conditions to produce a homogeneous nanostructured fine powder with a good 
surface area-to-volume ratio. The brittle nature of the quasicrystals is in favor of powder 
fragmentation to reduce the particle size and, consequently, to gain a high surface area 
[Sur01].Another method to utilize quasicrystals on an industrial scale is the manufacture of 
bulk composites. Metal matrix composites incorporating quasicrystalline powders into an 
Al-based alloy have been proposed [Saa04]. The composites can overcome the brittleness 
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2.4 Al-based metal matrix composites 
Metal matrix composites (MMCs) are engineering materials in which a reinforcing 
phase is dispersed in a metallic matrix in order to obtain characteristics that are superior to 
those of the unreinforced material [Kai06]. The aim is to produce a material which retains 
some of the characteristics of the matrix (such as ductility, formability, etc.) but has 
improved properties (such as high strength and stiffness) provided by the reinforcement 
[Kai06]. 
MMCs are being used for structural and thermal management applications in the fields 
of aerospace, transportation, electronics and thermal packaging, filamentary 
superconducting magnets, power conduction, sporting goods and wear resistance materials 
[Eva03]. The composites often provide the freedom of higher operational temperature as 
compared to the unreinforced materials [Dav93, Cha06]. 
Although MMCs are generally more expensive on a per-weight basis than the material 
they replace, an overall cost reduction often results when MMCs are put into service 
because of the improved system performance [Cha06, Kai06]. However, in order to evolve 
MMCs further and to make them more viable in various applications, current research 
efforts on these materials continue to focus on improving the properties of MMCs and on 
finding more economical techniques to produce them [Tan04, Tec90]. 
Among MMCs, by far the most widely produced ones are based on aluminum alloy 
matrices. Al-based MMCs have been attracting increasing attention in recent years due to 
their low density and relatively low cost as compared to other lightweight metallic 
materials (Mg- and Ti- alloys), attractive strength and stiffness-to-weight ratios, tailorable 
thermal properties, good fatigue and wear resistance, environmental stability and suitable 
melting point to be used in several high-temperature applications as well as being suitable 
for various manufacturing processes [Mir01]. Moreover, aluminum alloys are very well-
known alloys and their use as matrices in MMCs brings the advantage that their behavior 
can be properly modified in order to satisfy different applications [Tor03]. Hence, the 
growing number of applications for Al-based composites can be attributed to the 
combination of good properties and ease of processing. These applications range from the 
fields of aerospace, automotive and rail ground transportation to thermal management and 
electronic wrapping [Cha06]. 
Generally MMCs utilize ceramic reinforcements (e.g. SiC and Al2O3) [Kai06, Sli06, 
Tan98]. The commercial application of these composites is, however, hindered by inherent 
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drawbacks, such as additional costs due to the production of SiC, typically two to four 
times the cost of the Al alloy powder, and extreme difficulties encountered for 
conventional Al recycling methods [Tan03]. Low toughness and high wear of tooling are 
additional disadvantages. Therefore, the research on developing affordable or cost-
effective processing techniques similar to those usually carried out for unreinforced alloys 
is still much needed [Tan04] and motivates to find alternatives reinforcements for 
composite materials as well as new powder processing techniques for materials based on 
aluminum. 
Different types of reinforcements have been examined as possible candidates to 
develop Al-based MMCs with enhanced properties. These include metallic glasses [Yu06, 
Lee04, Scu08, Scu09], intermetallic phases [Cos98], and complex metallic alloys (CMA) 
[Scu09-B, Urb04]. Among the intermetallics, Ni–Al, Fe–Al and Al–Nb systems have 
shown promising results [Lie97, Cos98]. Commonly, intermetallic reinforcements offer an 
increase in wear and corrosion behavior as well as an improvement in the mechanical 
properties [Cos98]. 
Among other reinforcements for Al-based MMCs, quasicrystals have recently attracted 
much attention due to their unique physical and mechanical properties, such as high 
hardness, wear resistance and low surface energy [Sch03, Kab08, Tan03]. Specifically, Al–
Cu–Fe quasicrystalline powders can serve as an effective reinforcement for Al-based 
composites because of their high hardness (9.8 GPa), stiffness and, most importantly, good 
matrix-reinforcement interfacial bonding needed to distribute the load [Tan04]. The good 
bonding can be ascribed to their exclusive combination of properties, such as low adhesion 
behavior, low friction coefficient, high wear resistance, low thermal conductivity and 
compatible thermal expansion coefficient with Al [Tan04-b, Saa04]. Their relatively good 
stability of mechanical strength to temperatures above 773 K and easily accessible 
constituting elements may further enhance the prospects of QC-reinforced Al-based MMCs 
[Tan04-b, Saa04]. 
The characteristics of metal matrix composites are determined by the constituent 
phases as well as by their microstructure and internal interfaces, which are affected by the 
production process and their thermal-mechanical history [Kai06]. The microstructure 
covers the structure of both the matrix and the reinforcement phase. The chemical 
composition, grain and / or sub-grain size, texture, precipitation behavior and lattice 
defects are of importance to the matrix. The second phase is characterized by its volume 
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percentage, its kind, size, distribution and orientation [Cha06]. Locally varying internal 
tension due to the different thermal expansion behavior of the two phases is an additional 
influencing factor. With knowledge of the characteristics of the components, the volume 
percentages, their distribution and orientation, it might be possible to estimate the 
characteristics of metallic composite materials. The approximations usually proceed from 
ideal conditions, i.e. optimal boundary surface formation, ideal distribution (very small 
number of contacts of the reinforcements among themselves) and no influence of the 
component on the matrix (comparable structures and precipitation behavior) [Cha06, 
Han93, Kai06]. In reality, a strong interaction arises between the components involved and 
the models often do not describe the real properties of the composites appropriately; 
however, these models can nevertheless indicate the potential of a material. For example, 
according to whether the particle size or the particle content is the dominant effect, 
different contributions by each strengthening mechanism are made towards yield strength 
[Cha06, Kai06]. The example of a particle-strengthened composite material with two 
different particle diameters in Figure 2.9 clarifies this in principle. Generally higher 
hardening contributions are made by smaller particle diameters than by coarser particles. 
For smaller particle diameters, the work hardening and the grain size influence contributes 
the most to the increase in yield strength [Kai06]. 
 
Figure 2.9 Strengthening contribution of different mechanisms to the technical yield 
point calculated after the micromechanical model for aluminum alloys with SiCP-
addition [Hum91]. 
The microstructure and the interfaces of metal matrix composite materials cannot be 
considered in isolation, as they are mutually related. Chemical interactions and reactions 
between the matrix and the reinforcement component determine the interface adhesion, 
modify the characteristics of the composite components and affect the mechanical 
Chapter 2. Motivation and state-of-the-art 
 23 
characteristics significantly [Han93, Kai06]. For the use of MMCs at high temperatures, 
the microstructure has to remain stable for long service periods. Thermal stability and 
failure are determined by changes in the microstructure and at the interfaces, e.g. reaction 
and precipitation processes. Thermal stress of MMCs can take place both isothermally and 
cyclically. The effects show differences. During cyclic loading of monolithic materials, 
especially at high temperature gradients and cycle speeds, a high probability of failure by 
thermal fatigue is to be expected [Kai06]. 
 
 
Figure 2.10 Dependence of the shear strength on the reaction layer thickness of the 
interface between Ni and Al2O3 [Tre74]. 
The formation of the interface between the matrix and the reinforcing phase has a 
substantial influence on the production and characteristics of the metallic composite 
materials. The adhesion between both phases is usually determined by the interaction 
between them. During the production of the molten matrix, e.g. by infiltration, wettability 
becomes significant [Cha06, Han93]. The adhesion in composite systems can be improved 
by reaction. However, in some cases such reactions can be detrimental, so that they result 
in damage of the reinforcement, e.g. reduction of the tensile strength of fibers. Thus, the 
reinforcement potential is reduced. Later, brittle reaction products or pores can develop, 
which can again decrease the adhesion. For example, for the Ni and Al2O3 system in 
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Figure 2.10 it is clear that an optimum must be sought. With a proceeding reaction to a 
certain extent, bonding is improved and the composite strength increases. However when 
the reaction exceeds that certain level, the reinforcement phase may become susceptible to 
fracture at lower stresses limiting the strength of the composite [Kai06]. 
Among the different techniques for the production of MMCs, powder metallurgy (P/M) 
offers improved control to maneuver the reinforcement distribution, size, shape, volume 
fraction and interface kinetics [Kai06, Cha06]. In addition, it employs lower processing 
temperatures compared to liquid metal processing technology (such as ingot metallurgy), 
which may avoid undesired interfacial reactions between matrix and reinforcement [Kai06, 
Sch01]. Moreover, the powder metallurgy route using hot deformation processes, such as 
extrusion, helps in breaking the oxide surface layers and strengthening the inter-particle 
bonding. Particulate-reinforced MMCs produced using the powder metallurgy route 
provide essentially isotropic properties, with a balance of enhanced strength and stiffness, 
and reasonable ductility [Tan04-b]. The shape of P/M parts is also considered for its low 
processing cost and versatility. Hence, P/M is one of the most widely used methods for 
producing aluminum matrix composites [Tor03]. 
 
2.5 Powder metallurgy 
Powder metallurgy (P/M) is the art and science of producing material powders and 
consolidating them into bulk form with discrete shapes [Ger94, Hir69]. P/M has an 
inherent potential to produce tailored, high-performance materials with the combination of 
shape-making technology with the development of the desired microstructures and 
properties (physical and mechanical) [San97]. This technique can especially be used as an 
efficient method for forming customized materials with special microstructures not 
obtainable by other techniques [Hir69]. 
P/M is a near-net or net-shape manufacturing process and the resulting products need 
limited amount of finish machining operations. This leads to several advantages over other 
processing routes (e.g. casting) that include low energy consumption, decreased material 
loss, low processing cost, and rapid and high volume of production [Ger94]. P/M permits 
the production of materials that cannot be obtained by conventional processing routes. For 
example, materials with components having large difference in their melting points or 
supersaturated solid solutions for systems with limited solid solubility and for completely 
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immiscible systems, such as W-Cu, W-Ag, and Cu-C materials [Sal95], can be obtained by 
P/M. 
 
Figure 2.11 General steps in the P/M process [San98]. 
The general sequence of operations in P/M is powder preparation, handling, shaping, 
and consolidation [Hir69, Dow90, Kay88]. This is shown in Figure 2.11. The sequence of 
operations to obtain the final product begins with the creation of a powder mix. In this 
stage, the raw powders having the desired size, shape, composition and structure are mixed 
or blended in a device that ensures their homogeneous distribution. The powder mix is then 
pressed within a rigid die at room temperature. This is the compaction step, which is 
necessary to densify the loose powder into a green compact that has sufficient strength for 
handling [Hir69]. The green compact contains pores between the individual particles which 
amount to porosities between 60 and 10 vol. %. In order to eliminate the pores and to 
produce a highly dense material, the green compact is heat-treated (generally under 
protective atmosphere) below, and in many cases significantly below, the melting 
temperature of the major constituents. This process is called sintering and it is driven by a 
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reduction in solid-vapor interface area [Ger96]. The two steps of compaction and sintering 
can be combined into one single operation consisting of powder consolidation where 
pressure (as during compaction) and heat (as during sintering) are applied simultaneously, 
such as during hot pressing and hot extrusion [Hir69]. 
2.5.1 Powder production 
Metal powder production techniques are used to manufacture a wide spectrum of metal 
powders to meet the requirements of a large variety of applications. Powders of virtually 
all metals can be produced [Lyn98]. Various powder production processes permit the 
precise control of the chemical composition and of the physical characteristics of powders 
and allow tailoring of specific attributes for targeted applications. Development and 
technical innovation in metal powder production processes are constantly pursued to meet 
the quality, cost, and performance requirements of existing and emerging applications 
[Dow90, Ger94, San98]. 
The commonly used powder production methods include water and gas atomization, 
ball milling, electrolysis and chemical methods including the reduction of oxides [Lyn98]. 
Suitable methods for powder production depend on the physical and chemical properties of 
the material as well as on the required production rates [Dow90, Ger94]. For example 
chemical and electrolytic methods are useful for producing high-purity powders [Lyn98]. 
Atomization can be used to produce a variety of different material powders with suitable 
shapes by forcing a liquid metal stream through a nozzle and disintegrating it by a water or 
gas jet [Dun86, Sch97]. 
Another procedure for powder production is ball milling. This method for powder 
synthesis can circumvent many of the limitations of conventional alloying and allows the 
preparation of alloys and composites which cannot be synthesized via conventional casting 
or rapid solidification routes [Sur04]. Milling is widely used for hard metals and oxides 
powder production. Secondary milling of oxide-reduced, atomized, or electrolytic powders 
is also a very common and economical practice [Lyn98]. In this work, ball milling has 
been used for powder production and structural refinement. In view of the importance of 
ball milling as a method for materials synthesis, a description of the methods and the 
process variables typically employed for powder production by ball milling is given in the 
following section. 
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2.5.2 Ball milling 
The basic milling event characterizing all types of ball mills is the ball−powder 
collision, as schematically presented in Figure 2.12. During milling, the powder particles 
are trapped between the colliding balls and are subjected to repeated impacts. The impacts 
induce intense plastic deformation along with fracture and cold−welding of the milled 
particles [Esk01, Sur04]. 
The milling procedure begins with loading the starting material and the milling balls 
(typically steel or tungsten carbide) into a milling container (vial). The vial is then 
violently shaken or rotated, depending on the mill used (e.g. attrition mills, shaker mills, 
planetary mills and vibratory mills [Sur04]). Overall the properties of the milled powders 
of the final product, such as the particle size distribution, the degree of disorder, or 
amorphization, and the final stoichiometry, depend on different factors, as shown in Figure 
2.13. 
Over the past three decades, ball milling has evolved from being a standard technique 
in powder metallurgy, used primarily for particle size reduction, to its present status as an 
important method for the preparation of either materials with enhanced physical and 
mechanical properties or, indeed, new phases, or new engineering materials. So far, ball-
milling has received much attention as a powerful tool for fabrication of several advanced 
 
 
Figure 2.12 Schematic illustration of the basic event occurring during mechanical 
attrition showing the trapping of powder particles between colliding balls [Sur04]. 
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materials including equilibrium, non-equilibrium (e.g., amorphous, quasicrystals, 
nanocrystalline, etc.), and composite materials [Esk01, Sur04]. 
Planetary ball mill. There are different types of ball mill available. The planetary ball mill 
is one of the most popular mills used in materials research for synthesizing almost all of 
the advanced materials as mentioned above. The planetary ball mill owes its name to the 
planet-like movement of its vials [Sur01]. In this type of mill, the centrifugal forces caused 
by the rotation of the supporting disc (ωd) and the independent turning of the vial (ωv) act 
on the milling charge (balls and powders). Since the turning directions of the supporting 
disc and the vial are opposite, the centrifugal forces are alternately synchronized and 
opposite. Therefore, the milling media and the charged powders alternatively roll on the 
inner wall of the vial [Esk01], and are lifted and thrown off across the bowl at high speed, 
as schematically presented in Figure 2.14. 
In the planetary ball mills, the milling media have generally considerably high energy, 
because milling stock and balls come off the inner wall of the vial (milling bowl) and the 
effective centrifugal force can reach up to twenty times gravitational acceleration [Esk01, 
Sur04]. Due to the high intensity of the impacts involved, the local temperature rise at the 
impact may become significant depending on the type of mill and rotational speed. 
Experimental observations and modeling of the mechanics, kinetics and the energy transfer 
 
Figure 2.13 Factors affecting the final milling product [Esk01]. 
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during collision suggest that the temperature rise during milling can be about 100−200 K 
[Koc97, Sch94]. 
 
Figure 2.14 Movement of the milling balls inside a planetary ball mill [Esk01]. 
The milling parameters can radically affect phase formation during milling. One of the 
major milling parameters is the milling speed. Varying milling speed can lead to a variety 
of stable and metastable phases including nanocrystalline and amorphous materials as well 
as quasicrystalline or crystalline phases [Sch94, Sur04]. In this work, different milling 
speeds have been used to study the effect of milling intensity on the powder structure. 
Milling speed. Among the various milling parameters affecting the end product in 
planetary ball mills, the milling speed (also known as the disk speed ωd) is one of the most 
significant factors [Cha01]. For example, the impact frequency f of the milling balls 
increases with ωd as long as (ωv/ωd) > 1 for a given level of ωv, where ωv is the vial speed. 
As (ωv/ωd) is reduced below unity, f gradually approaches the plateau and this transition is 
delineated by the broken line in Figure 2.15.  
Increasing the milling speed also increases the energy of the ball impacts Et during 
milling. The increase of impact energy is somewhat monotonic. It is interesting to note that 
Et is insensitive to variations of ωv. In other words, the total kinetic energy per impact 
seems to depend primarily on ωd [Cha01, Abd95]. Since the power exerted on the powder 
during milling is Pt = Etf, the functional relationships between Pt (or Et) with ωd are 
similar. 
 
Chapter 2. Motivation and state-of-the-art 
 30 
Besides on the milling parameters, the end product of ball milling may also depend on 
the starting material used. Accordingly, two different terms are commonly used in the 
literature to denote the processing of powder particles in high-energy ball mills. 
Mechanical alloying (MA) describes the process when mixtures of powders (of different 
metals or alloys/compounds) are milled together. Material transfer is involved in this 
process to obtain a homogeneous alloy. On the other hand, milling of uniform (often 
stoichiometric) single-phase powders, such as pure metals or intermetallics, where material 
transfer is not required for homogenization, has been termed mechanical milling (MM) 
[Sur01]. The advantage of MM over MA is that since the powders are already alloyed and 
only a reduction in particle size and/or other transformations need to be induced 
mechanically, the time required for processing is shorter. For example, MM may require 
half the time required for MA to achieve the same effect [Sur01, Esk01]. Additionally, 
MM of powders reduces oxidation of the constituent powders, related to the shortened time 
of processing [Sur01]. 
Mechanical milling of single−phase powders. Mechanical milling can be used to refine 
the size and structure of single phase powder particles or to disorder the ordered phase 
structures. Unlike other processes (e.g. rapid solidification and electrodeposition, which 
produce nanostructure materials by cluster assembly of atoms) MM produces 
nanostructures by the structural decomposition of coarser-grained structures [Koc97, 
Esk01, Sur01-b]. It has become a popular method to make nanocrystalline materials 
  
Figure 2.15 Variation of (a) impact frequency f as a function of disc speed ωd for different 
levels of vial speed ωv. The broken line corresponds to ωv/ωd = 1. (b) Impact energy Et as 
a function of ωd for different levels of ωv [Cha01]. 
(a) (b) 
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because of its simplicity, the relatively inexpensive equipment (on the laboratory scale) 
needed, and the applicability to essentially all classes of materials. The major advantage 
often quoted is the possibility for easily scaling up to tonnage quantities of material for 
various applications. Similarly, the serious problems that are usually cited are (1) 
contamination from the milling media and/or from the milling atmosphere, and (2) the 
need (for many applications) to consolidate the powder product without coarsening the 
nanocrystalline microstructure [Koc97]. 
Grain size refinement. According to Fecht [Fec95], the evolution of microstructure or the 
grain size refinement by ball milling includes three stages: (i) the deformation is localized 
in shear bands consisting of an array of dislocations with high density; (ii) at a certain 
strain level, these dislocations annihilate and recombine to small angle grain boundaries 
separating the individual grains. The subgrains formed via this route are already in the 
nanometer size range with diameters often between 20 and 30nm. During further milling 
the sample volume exhibiting small grains extends throughout the entire specimen. (iii) 
The orientations of the single crystalline grains with respect to their neighboring grains 
become completely random implying grain rotation [Koc97].  
The nanostructured grain size obtained during milling is mainly studied by 
transmission electron microscopy (TEM) or X-ray line broadening. Using X-ray line 
broadening to measure grain size it is commonly observed that the crystallite size 
decreases with milling time [Koc97]. The minimum average grain size (dmin) obtainable by 
milling has been attributed to a balance between the defect/dislocation structure introduced 
by the milling-induced plastic deformation and its recovery by thermal processes [Eck92]. 
For selected fcc metals, it was found that dmin scales inversely with the melting 
temperature. However, the dmin for bcc and hcp metals, exhibit essentially constant values 
with melting temperature [She95]. It has been proposed [Eck92] for pure metals that the 
limiting grain size is determined by the minimum grain size that can sustain a dislocation 
pile-up within a grain and by the rate of recovery. 
Solid state phase transformation. In addition to the grain refinement, MM of intermetallic 
compounds can also lead to phase transformations [Esk01]. The new phase can be a stable 
or metastable phase depending on the milling conditions. 
For example, the formation of amorphous powders requires the storage of sufficient 
energy in the starting intermetallic compounds to overcome the energy barrier (normally 
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about 5 kJ/mole) for amorphization [Zha04]. The energy increase of the intermetallic 
compound can come from structural defects, such as vacancies, dislocations, grain 
boundaries and anti-phase boundaries and disordering of the crystal structure. It is believed 
that the accumulation of vacancies and dislocations can only store a moderate amount of 
free energy which is not sufficient to drive the amorphization. On the other hand, the 
energy stored through reducing the grain size to a nanometer level and the introduction of 
disorder are believed to be the major mechanisms for overcoming the thermodynamic 
barrier for amorphization [Koc97]. 
The effect of process variables on the amorphization behavior has been studied for 
several alloy systems. The important variables studied include milling intensity (type of 
mills, milling speed, BPR) and milling temperature [Cas02]. Increased milling energy 
(achieved by a higher BPR value or by increasing the milling speed) is normally expected 
to introduce more strain and increase the defect concentration in the powder and, thus, lead 
to easier amorphization. However, higher milling energies also increases the temperature 
and this can result in the formation of a nanocrystalline phase in place of the amorphous 
phase. Therefore, a balance between these two effects will determine the nature of the final 
product [Cas02]. 
An example of the formation of a metastable nanocrystalline phase instead of the 
amorphous phase during mechanical milling has been reported by Bakker et al. [Bak95]. In 
this study an A−15 type Nb3Au compound [Di92] displays the formation of a 
nanocrystalline bcc solid solution during mechanical milling. This behavior can be 
explained by considering the Au−Nb equilibrium phase diagram [Bak95]. The Nb3Au 
intermetallic compound is the equilibrium phase at room temperature, whereas the bcc 
solid solution of Au in Nb is stable at high temperatures. The mechanically-induced atomic 
disorder induced by milling is similar to the disorder generated by heating to elevated 
temperatures [Bak95]. Similarly to heating to high temperatures, milling introduces an 
increasingly higher anti−site disorder in the Nb3Au compound, which corresponds to the 
disordered state achieved by progressively heating to high temperatures [Bak95]. This 
indicates that, in terms of structural disorder, milling is equivalent to an increase of 
temperature of the compound up to the point where the transformation from the Nb3Au 
compound to the bcc solid solution takes place [Bak95]. This was confirmed by the 
observation that the Au2Nb compound transforms to a nanostructured fcc solid solution of 
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Nb in Au during milling, as predicted when considering the equilibrium phase diagram 
[Di93]. 
 
Figure 2.16 Schematic representation of the basic principles of metastable phase 
formation by ball milling [Sch88]. 
The criterion for phase transformation during milling. Phase transformations during 
milling depend significantly on the kinetics of the competing reactions occurring during 
milling. This aspect has been analyzed by Eckert et al. [Eck90]. The thermodynamically 
stable state of a system is determined by a minimum in the Gibbs free energy G. In 
metallic systems, the Gibbs free energy of the equilibrium crystalline state Geq is always 
lower than that of the metastable phases Gmeta below the melting temperature. In order to 
form a metastable phase by ball milling, the free energy of the equilibrium phase has to be 
firstly risen to a state G0 (Figure 2.16). This high−energy state can be achieved by ball 
milling through the mechanisms explained previously. The free energy of the system can 
be then lowered from G0 either by the formation of the metastable phase with free energy 
Gmeta or by the formation of the equilibrium phase. The equilibrium phase is 
thermodynamically favored, since the driving force ∆Geq = (G0 - Geq) is larger than that for 
metastable phase formation ∆Gmeta= (G0 - Gmeta). However, the formation of equilibrium or 
metastable phases depends on thermodynamic as well as on kinetic factors. The formation 
of the metastable phase is then possible if the system is kinetically restricted from reaching 
the equilibrium state of lower free energy, i.e. metastable phase formation proceeds 
considerably faster than the formation of the equilibrium phase from the initial state G0. At 
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the same time, the metastable phase must not transform into the equilibrium phase as the 
reaction proceeds, i.e. the timescale for transformation of the metastable phase must be 
longer than that of metastable phase formation. These kinetic constraints can be 
summarized as [Sch94, Eck90, Sch88]: 
τ0meta << τ0eq       (2.2) 
τ0meta << τmetaeq   ,   (2.3) 
where τ0meta and τ0eq are the characteristic reaction times for the formation of the 
metastable and equilibrium phases, respectively, and τmetaeq is the timescale for the 
transformation of the metastable phase. 
Mechanical alloying of multi-phase powders. The mechanism underlying MA of multi-
phase powders is different with respect to MM of single-phase materials because MA 
simultaneously involves material transfer to homogenize the composition of the powder 
particles in addition to their size and structure refinement. A typical example of this aspect 
is given by the mechanical alloying of two different ductile metallic powders [Sur04]. In 
the first stages of milling the particles are cold−welded and plastically deformed. This 
leads to a characteristic layered structure, which consists of various combinations of the 
starting constituents [Zha04]. As a result of this structure the diffusion distances required 
to homogenize the structure are reduced. The thickness of the individual layers 
continuously decreases with increasing the milling time up to a point where alloying 
begins to occur at this stage due to the combination of decreased diffusion distances 
(interlayer spacing), increased lattice defect density, and any heating that may have 
occurred during the milling operation [Sur01-b]. This behavior has been confirmed for MA 
Ti25Al75 powders [Kla94]. It implies that the MA technique provides an additional 
advantage over MM; it can produce homogeneous supersaturated mixtures. For example, 
large non−equilibrium solid solubility has been attained by MA for a series of Fe−Cu 
powders [Eck93], which are essentially immiscible and display a large positive enthalpy of 
mixing. 
 
2.5.3 Powder compaction 
Compaction of powders into bulk samples is the central step in the P/M process 
[Dow90]. In this step, the powder is consolidated into required shape with desired density 
levels with close dimensional tolerance [Hir69].  
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Among the different consolidation techniques, the process of die compaction is one of 
the most used methods [Dow90, Hir69]. This process involves filling a die with powder, 
compression of the powder using rigid punches to form a dense compact, and ejection from 
the die. The choice of powder composition and selection of process parameters determine 
the microstructure and the final properties of the compacts. The practical issues in the 
powder-forming industries are related to mechanical strength, control of microstructure, 
avoidance of cracks and defects, content uniformity, etc. This as-pressed shape (i.e. the 
green compact) is then heated to elevated temperatures to achieve full density [Lyn98]. 
                     
Figure 2.17 Schematic cross section of a hot press [Lid66]. 
Although most of the sintered parts are made by a two-step process consisting of 
pressing the powder mix at ambient temperature followed by sintering, for hard-to-sinter 
materials pressure and heat can be applied simultaneously, as during hot pressing and hot 
extrusion [Hir69]. Hot pressing is a particularly suitable method for compaction of 
materials with poor sintering behavior. At elevated temperatures metals are softer and, 
therefore, it is usually possible to reach a much higher density by heating and pressing 
simultaneously. A schematic hot pressing arrangement is shown in Figure 2.17. By using 
hot pressing it may be possible to dispense with a separate sintering operation. Hot 
pressing offers many advantages over the conventional two-step compaction method. Due 
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to the simultaneous application of temperature and pressure, it is possible to reach near full 
density in a wide range of hard-to-work materials [Dow90]. Furthermore, hot pressing 
offers better results using a variety of powder shapes and sizes in comparison with 
conventional cold pressing and sintering [Upa02]. 
The mechanical and physical properties of the hot-pressed compacts depend on the 
processing parameters (i.e. pressure, temperature, time and the working atmosphere) 
[Hir69, Dow90, Kay88]. Compaction by hot pressing involves the following steps 
[Upa02]:  
•  the powder or the green compact is placed into the die mould 
•  the chamber is evacuated 
•  the mould is heated to a predetermined temperature 
•  the pressure is applied on the powder/green compact 
•  pressure and temperature are maintained for a dwell time 
•  the mould is cooled slowly, under pressure, to room temperature 
 
Figure 2.18 Schematic hot extrusion process. 
Hot extrusion can also be used to densify the powder. Powder extrusion differs from 
conventional extrusion only in the need to have a canned perform prior to extrusion and 
removing the canning material after extrusion. A simple hot extrusion scheme is given in 
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produce fully dense products [Dow90]. Hot extrusion uses high temperature, high pressure 
as well as mechanical deformation to densify and shape the metal powder.  
During extrusion hydrostatic compressive stresses and shear forces act on the powders 
[Dow90]. In powder extrusion, the powder mixture is precompacted into a billet by 
pressing and sintering or by hot pressing. The can serves as a container not only for 
degassing, removal of moisture but also to protect the powder from contamination from the 
atmosphere, extrusion lubricants and tooling [Dow90]. In hot extrusion, besides the 
working temperature, other important parameters are the extrusion ratio, the working 
pressure, the speed of deformation and the frictional conditions and lubrication. Among 
these parameters, the extrusion ratio (the ratio of the initial cross-sectional area of the 
sample to the final cross-sectional area after extrusion) is the main factor for achieving the 
desired density [Dow90]. Hot consolidation of reactive powders can be carried out in 
protective atmosphere (e.g. inert gas) or under vacuum. The latter offers the additional 
advantages of removing air from the powder body, thus eliminating the possibility of air 
entrapment [Upa02]. 
In any case the aim of powder consolidation processes is to achieve powder 
densification with desired microstructure; minimal grain growth; minimal phase 
transformation in case of metastable structure. However densification requires diffusion to 
fill out the porosity present in between powder particles. The same thermally activated 
diffusion can enhance the grain growth and possible phase transformations. Therefore, care 
has to be taken in selecting consolidation parameters to limit the undesired structure 
evolution. This is especially important for nanostructured powders as they inherently 
possess higher number of grain boundaries and defects to further enhance material 
transport through diffusion [Koc02, Swi83, Ger94]. 
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Chapter 3. Sample preparation and characterization 
3.1 Powder production 
In this work, nanostructured Al62.5Cu25Fe12.5 powders have been produced by mechanical 
milling (MM) of spray-deposited bulk quasicrystals. The spray deposition experiment was 
carried out at the spray forming plant (SK-2) at the University of Bremen, Germany. The high 
purity elements with composition Al62.5Cu25Fe12.5 were induction melted under nitrogen 
atmosphere and spray deposited at a gas-to-metal ratio of 2.81 on a steel substrate kept at a 
distance of 430 mm. The pouring temperature and melt flow rate were optimized at 1449 K 
and 361 kg/h, respectively. The spray formed billet weighed around 41 kg having a diameter 
of 200 mm and height of 350 mm [Sri08]. 
The bulk spray-deposited material was crushed into pieces with size below 10 mm and 
used as feed material for the milling experiments. Ball milling of the Al62.5Cu25Fe12.5 
quasicrystals was performed using a Retsch PM400 planetary ball mill and hardened steel 
balls and vials. In order to investigate the effect of the milling intensity on the structure of the 
quasicrystals, milling experiments were done at different rotational velocities (100, 150, 250 
and 350 rpm) of the supporting disc, which can be considered as a rough estimate of the 
milling intensity. Milling was carried out as a sequence of 15 min milling intervals interrupted 
by 15 min breaks to avoid a strong temperature rise. 
The starting materials for the milling experiments (30 g) were charged in the milling vials 
(250 ml in volume), equipped with a flexible “O”-ring, together with 10 mm-diameter steel 
balls to give a ball-to-powder mass ratio of about 10:1 To avoid any possible atmosphere 
contamination during milling, vial charging and any subsequent sample handling was carried 
out in a Braun MB 150B-G glove box under purified argon atmosphere (less than 1 ppm O2 
and H2O). 
 
3.2 Powder consolidation 
In order to produce Al-based metal matrix composites reinforced with MM Al62.5Cu25Fe12.5 
QC particles, elemental Al powder (purity 99.9 %; particle size < 50 µm) was manually 
blended with different volume fractions (20, 40 and 60 vol.%) of QC particles produced by 
mechanical milling (particle size -125µm classified by sieving). The composite powders were 
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then consolidated by a two step consolidation method: (i) hot pressing followed by (ii) hot 
extrusion.  
Hot pressing was done as a pre-compaction step at 523 K under 635 MPa for 10 min. Hot 
extrusion was carried out under 530 MPa with extrusion ratio 6:1. The extrusion temperature 
was varied from 693 to 848 K to study the effect process temperature on the structure and 
mechanical properties of the composites. For comparison purposes, a bulk specimen was 
produced by extrusion of pure Al powder using the same consolidation parameters as used for 
the composites. 
Hot pressing-hot extrusion. Hot pressing as well as hot extrusion were carried out using an 
electro-hydraulic universal axial pressing machine made by WEBER PWV 30 EDS 
(Germany) with a capacity of 350 kN maximum load. In order to minimize frictional effects 
during consolidation, before processing, the compaction die and punches were cleaned and 
sprayed with a thin layer of boron nitride. The whole setup for hot pressing / hot extrusion was 
placed inside the closed chamber. The chamber was evacuated to 1×10-3 Pa before 
consolidation for degassing and to minimize the oxidation during processing. The temperature 
was measured by a Pr / Rh Pt thermocouple, fixed in a dedicated cavity within the die, 
ensuring a continuous monitoring of the operating temperature. 
For hot pressing, approximately 2 to 3 g of powder were placed in a 10 mm diameter die. 
The desired pressure was applied; then, die and punch setup were heated to the desired 
temperature with an inductive coil. After finishing the heating cycle the chamber was left in 
vacuum to cool down and Argon was purged to remove the sample from the chamber. 
Samples after hot pressing were not fully dense. Therefore after hot pressing, hot extrusion 
was used to obtain highly dense samples.  
Hot extrusion is a process by which the billet or pre-compacted samples are forced through 
the die cavity to obtain long straight samples by applying high pressure in addition to high 
temperature to obtain highly dense samples. The hot extrusion was performed using the same 
equipment used for hot pressing with a typical reduction of the sample diameter from 10 to 4 
mm (extrusion ratio ~ 6:1). In order to facilitate easy flow of the material during extrusion, 
copper jackets were used for the extrusion of the samples pre-compacted by hot pressing. 
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3.3 Structural and thermal characterization 
In order to examine size, shape, phase constitution and microstructural features, the milled 
powders as well as the consolidated samples were investigated using several analytical 
methods. The structure was characterized by X-ray diffraction (XRD) using both reflection 
and transmission configurations. The microstructure was analyzed by optical microscopy 
(OM), scanning (SEM) and transmission electron microscopy (TEM). The thermal stability 
was studied by differential scanning calorimetry (DSC).  
 
3.3.1 X-ray diffraction 
Standard laboratory X-ray diffraction (XRD) in reflection configuration was carried out 
using a Philips PW 1050 Bragg-Brentano diffractometer using Co-Kα radiation (λ = 0.17889 
nm), equipped with a secondary graphite monochromator and a sample spinner. The 
diffractometer operated at a voltage of 40 kV and a current of 40 mA. The diffracted 
intensities were recorded between 20 and 110 degrees (2 θ) in a step mode with a step size of 
∆(2θ) = 0.05° and typical counting times between 10 and 20 s per step, longer times being 
required for samples characterized by particularly small grain size. For powder samples, a 
resin slightly diluted with acetone was used to fix the powders on PVC sample holders. Both 
the fixing agent and the sample holder did not interfere with the measurements performed in 
the scanning range used in this work [Sch01-b]. The grain size and micro-strain in the samples 
were determined using the X-ray peak broadening method. The individual contributions of 
these effects to the total broadening can be separated using standard techniques. In this work, 
to evaluate grain size and micro-strain, the Voigt method was applied for the profile-fitting 
[Yad05]. The use of the Voigt function for the analysis of the integral breadths of broadened 
X-ray diffraction line profiles forms the basis of a rapid and powerful single line method of 
crystallite-size and strain determination. In this case the constituent Cauchy and Gaussian 
components can be obtained from the ratio of full width at half maximum intensity (2w) and 
integral breadth (β). In a single line analysis the apparent crystallite size ’D’ and strain ’e’ can 
be related to the Cauchy (βC) and Gaussian (βG) widths of the diffraction peak at the Bragg 
angle [Yad05]; 
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The constituent Cauchy and Gaussian components can be given as; 
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where a0, a1 and a2 are Cauchy constants, b0, b1/2, b1 and b2 are Gaussian constants and ψ is 
2w/β where β is the integral breadth obtained from XRD peak. The values of the Cauchy and 
Gaussian constants have been taken from the table of Langford [Kel82];  
a0 = 2.0207, a1 = −0.4803, a2 = −1.7756 
b0 = 0.6420, b1/2 = 1.4187, b1 = 2.2043, b2 = 1.8706 
From these, the grain size ‘D’ and the quasilattice strain ‘e’ for the milled quasicrystalline 
powders were calculated. XRD results were also used to estimate the relative phase quantities 
by using the peak areas of the concerned phases. For normalizing the results, a standard 
sample containing pre-weight mixture of the phases was used.  
X-ray diffraction in transmission configuration was performed at the European Synchrotron 
Radiation Facilities (ESRF) in Grenoble, France. In this facility, electrons emitted by an 
electron gun are progressively accelerated up to an energy level of 6·109 electron-volts (6 
GeV). The electrons are then deflected from their straight path by several degrees. This change 
in direction causes them to emit photons, the synchrotron radiation, which are subsequently 
focused to give a high intensity high-energy monochromatic beam (λ = 0.01304 nm) needed 
for the experiments (for additional details see [ESRF]). Such a high intensity beam permits the 
investigation of samples in transmission and in-situ during heating and cooling. For these 
experiments, the samples to be investigated were sealed into quartz tubes under a vacuum of 
10-3 mbar. The samples were induction-heated with a rate of 20 K/min to above 973 K and X-
ray patterns were recorded every 2 s. 
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3.3.2 Optical microscopy 
Optical microscopy is a type of microscopy that uses visible light and a system of lenses to 
magnify small microstructural features. In this work, a Nikon Epiphot 300 microscope was 
used to obtain magnified images of the samples. This microscope is capable of magnifying the 
samples from 5 to 100 times with different objective lenses. The microscope is equipped with 
an in built camera and also connected with a computer program (a4i Docu from Olympus 
GmbH, Germany) so that images can be captured by using the software. 
 
3.3.3 Scanning electron microscopy 
Scanning electron microscopy (SEM) is a useful tool for microstructural analysis. The 
SEM gives high resolution images with details from millimeters to microns or even 
nanometers size.  
In general, images can be obtained using secondary electrons as well as by back scattered 
electrons. Back scattered electrons are normally used to detect contrast between areas with 
different chemical compositions while the secondary electron image gives topographical 
information. Additionally, SEM can be equipped with an energy dispersive x-ray spectrometer 
(EDX) or a wavelength dispersive x-ray spectrometer (WDS). The EDX system provides rapid 
chemical composition and mapping.  
In this work, SEM characterization of powder and consolidated samples was carried out by 
using a high-resolution Gemini 1530 (Zeiss) SEM with FEG-Source (Schottky type), EDX for 
elemental analysis with Si(Li) detector and the QUANTAX evaluation software (Bruker 
AXS). SEM was used to determine the matrix ligament size (λ) for the Al-based composites 
(see Chapter 5).  
λ was measured by superposing random lines on the SEM micrographs of the composites 
and its value was determined from the number of matrix region intercepts per unit length of 
test line, N, and the total length fell into the matrix (L) as λ = L/N [Und85]. 
 
3.3.4 Transmission electron microscopy 
In order to confirm the grain size evaluation obtained by XRD experiments, the samples 
were also investigated by transmission electron microscopy (TEM). Transmission electron 
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microscopy (TEM) is a microscopy technique whereby a beam of electrons is transmitted 
through an ultra thin specimen, interacting with the specimen as it passes through. An image is 
formed from the interaction of the electrons transmitted through the specimen; the image is 
magnified and focused onto an imaging device, such as a fluorescent screen, on a layer of 
photographic film, or to be detected by a sensor such as a charge – coupled device CCD 
camera. 
TEM studies were performed using a Philips CM 20 or Tecnai F30 microscope. The TEM 
samples were prepared by mechanical grinding and ion polishing. The samples were ground to 
a thickness of about 200 µm using 800 and 1200 grit SiC papers. This was followed by 
dimpling (GATAN dimpler) to achieve a thickness of about 30 µm at the center of the sample. 
Final thinning was performed in a GATAN precision ion polishing system (PIPS), operating at 
4-5 kV with an angle of 2-4°, in an argon atmosphere. 
 
3.3.5 Differential scanning calorimetry 
The thermal stability of the samples was investigated in isochronal (constant-rate heating) 
mode by differential scanning calorimetry (DSC) using a computer-controlled Netzsch DSC 
404 under a continuous flow of purified argon. Alumina (Al2O3) crucibles were used as 
sample holders. They were charged with 10 – 20 mg of material. The calibration of the DSC 
system was done using zinc and indium standards, giving an experimental error for 
temperature and enthalpy of less than 1 K and 0.5 J/g, respectively. 
The isochronal DSC studies were performed up to 1073 K at a heating rate of 20 K/min in 
order to determine the onset temperature of the transformations, Tx, which is determined as the 
onset temperature of the exothermic events with peak temperature, TP and the enthalpy of the 
transformation, ∆Hx corresponding to the areas of the DSC peaks.  
For each individual sample, two successive DSC runs were recorded at a heating rate of 20 
K/min followed by cooling down to room temperature at 100 K/min. The second run of the 
specimen served as a baseline. Subtraction of this baseline from the first run realized the 
correction for the apparatus specific baseline shift and gave the accurate behavior of the 
sample under investigation. 
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3.4 Characterization of physical and mechanical properties 
3.4.1 Particle size analysis 
Measurement of the particle size distribution of the powder samples after milling was 
carried out by laser light diffraction (Mastersizer 2000). In this method, basically, a 
representative sample of powder particles is passed through a broadened beam of laser light 
which scatters the incident light onto a Fourier lens. This lens focuses the scattered light onto a 
detector array and, using an inversion algorithm, a particle size distribution is inferred from 
the collected diffracted light data [Coo02]. 
 
3.4.2 Density measurements 
The density of the consolidated samples was calculated by the Archimedes principle. The 
samples were first weighed in air, then immersed in ether liquid medium and weighted using a 
Mettler Toledo weighing instrument. The humidity and air temperature was also considered in 












    ,  (3.5) 
where ρliq is the density of the liquid, ρair is the density of air, mair is the sample weight in air 
and mliq is the weight of the sample immersed in the liquid. 
 
3.4.2 Microhardness 
The microhardness was measured using a computer-controlled HMV-2000 Shimadzu 
Vickers hardness testing machine. The device is equipped with a typical diamond indenter in 
the form of a pyramid with square base and an angle of 136° between the opposite faces. The 
applied load was 0.05 N for 10 sec. The diagonal of the imprints as well as the hardness were 
calculated using a Digital Video Measuring System. For the indentations, the samples were 
embedded in Struers Specifix-20 room temperature curing epoxy and the measured surface 
was carefully polished with a paste containing diamond particles with a diameter smaller than 
0.25 µm. At least 20 readings were taken to calculate the mean hardness value. Cracked or 
non-symmetric indentations were not considered for the measurement. 
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3.4.4 Compressive testing 
Compression tests for the different types of consolidated samples were carried out in order 
to get access to the mechanical properties like yield and compressive strength, elastic and 
plastic strain etc. Mechanical tests were done at room temperature under quasistatic loading at 
a strain rate of about 1×10-4 s-1 using an INSTRON 8562 testing facility. The strain during 
mechanical testing was measured directly on the specimens using a Fiedler Optoelektronik 
GmbH (Germany) laser-extensometer for non-contact measurement of strain in compression. 
The compression test specimens were prepared from the extruded cylindrical samples 
using electro-erosive sawing and machined to a nominal length-to-diameter ratio of 2:1 (8 mm 
length and 4 mm diameter), as recommended by the ASTM standard for compression testing 
[AST00]. Both ends of the cylindrical specimens were polished to make them parallel to each 
other prior to the compression test. Tungsten Carbide (WC) steel loading platens lubricated 
with Molybdenum Disulfide (MoS2) grease were used for the compression tests.  
 
3.4.5 Young´s modulus 
The Young’s Modulus was evaluated by ultrasonic measurements using an Olympus 5900 
PR ultrasonic pulser-receiver. To measure the Young’s modulus through the ultrasonic 
method, the longitudinal and shear wave sound velocities of the test piece using the Olympus 
Parametrics NDT were measuered. After simply recording the round-trip transit time through 
an area of known thickness with both longitudinal and shear wave transducers the following 
equation was used to compute velocity: 
)2//(tThicknessV =     ,  (3.6) 
where  
V = Velocity,  
t = Round trip transit time 
 











=υ     ,  (3.7) 
where  
υ = Poisson’s ratio,  
VT = Shear (transverse) velocity,  
VL = Longitudinal velocity 










)21)(1(2LVE     ,  (3.8) 
E = Young’s Modulus 
ρ = density  
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Chapter 4. Mechanical milling of Al-Cu-Fe quasicrystals 
The structure of quasicrystals (QC) has a fundamental influence on their application. 
For example, the grain size is expected to be very important for catalytic and hydrogen 
storage applications [Jen98, Tan10, Tsa01, Mul08]. Thus, preparation and processing of 
quasicrystalline materials and their effect on the quasiperiodic structure is a critical aspect 
for any application. Al-Cu-Fe face-centered icosahedral (fci) quasicrystals can be prepared 
using rapid solidification and by solid-state processing routes, such as mechanical alloying 
(MA) [Saa04]. 
There have been numerous studies on the formation of Al-based quasicrystals produced 
by MA of elemental powders (which may require a heat treatment to achieve a stable fci 
phase) with particular focus on the effect of composition and milling parameters on QC 
formation [Sch03, Sch94, Sal01, Bar01, Tur07]. The formation of quasicrystals by MA is 
determined by the milling parameters used. This has been demonstrated for MA of 
elemental powders with composition Al65Cu20Mn15 that, depending on the milling 
intensity, leads to the formation of three distinct structural states: amorphous, 
quasicrystalline and crystalline phases [Sch94, Eck90]. In addition, these structures can be 
transformed into each other by additional milling at higher or lower intensity [Sch94, 
Eck90]. Attention has also been paid to the production of quasicrystals by MA of pre-
alloyed mixtures of intermetallic compounds [Muk02, Muk03, Muk04, Muk08, Mur04, 
Tiw08]. This processing route is very useful for studying the effect of milling on phase 
selection between quasicrystals and related competing phases. In addition, the process of 
pre-alloying by conventional casting followed by milling may be more economical with 
respect to milling of the more expensive elemental powders [Muk02]. 
In contrast to MA of elemental powders and intermetallic compounds, no studies on 
mechanical milling (MM) of single-phase quasicrystals have been reported. This approach 
permits to clarify the stability of single-phase materials with respect to the mechanical 
deformation induced by milling and their thermal stability during subsequent annealing 
[Scu08-b] without possible interferences that may arise from long-range atomic diffusion 
that, in contrast, occurs during MA. In addition, by mechanical milling of single-phase 
materials, the effect of milling on the mechanical properties can be analyzed through 
hardness methods avoiding possible artifacts resulting from a multi-phase structure. 
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Accordingly, in this chapter, the effect of mechanical deformation on the structure of 
single-phase Al62.5Cu25Fe12.5 quasicrystals is presented along with their structural evolution 
during milling. The purpose of this study is to investigate mechanically-induced phase 
transformations during milling and the phase evolution during subsequent heating, and to 
relate the microstructure to the mechanical properties through the investigation of the 
hardness. 
 
4.1 Spray-deposited Al62.5Cu25Fe12.5 quasicrystals 
The starting material for the milling experiments was a spray-deposited material with 
composition Al62.5Cu25Fe12.5 (for details on sample preparation see Section 3.1). The 
structure of the QC deposit was analyzed by X-ray diffraction (XRD) in transmission 
configuration using a high-energy monochromatic synchrotron beam (λ = 0.013 nm) at the 
ID11 beamline of the European Synchrotron Radiation Facilities (ESRF). 
 
Figure 4.1 XRD pattern (λ = 0.013 nm) of single-phase spray-deposited Al62.5Cu25Fe12.5 
quasicrystals. 
The XRD pattern of the as-deposited material (Figure 4.1) displays a set of sharp 
diffraction peaks that can all be indexed according to the scheme of Elser [Hee87] as a face 
centered icosahedral (fci) quasicrystalline phase (see Table 4.1). The quasicrystalline 
superlattice peaks are all odd integers and fundamental peaks are even integers. For 
example, the peak (311111) is an important super quasilattice peak. No additional phases 
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are detected; implying that the icosahedral Al62.5Cu25Fe12.5 is the only phase present. The 
existence of a single icosahedral phase has also been confirmed by transmission electron 
microcopy (TEM). Figures 4.2(a) and 4.2(b) show bright field images of the as-deposited 
material, revealing the presence of grains having dimensions size in the range of 1 – 3 µm. 
The electron diffraction patterns taken from the grains are presented in Figures 4.2(c) – 
4.2(e). The patterns exhibit five-, two- and three-fold rotational symmetries, which are the 
symmetries required for the icosahedral point group [Jan94]. The distances between the 
diffraction spots along the radial directions in Figure 4.2(c) are related to each other by τ = 
(1 + √5)/2, the golden mean. In addition, the angles between the spots are 2pi/10 = 36°. 
This confirms the results from XRD, corroborating that the as-deposited material has an 
icosahedral structure. 
Table 4.1 Results of the high-energy XRD measurements (λ = 0.01304 nm) for the 
Al62.5Cu25Fe12.5 quasicrystals evaluated from Figure 4.1. 
Peak number 
Scattering vector 
Q = 4pisinθ/λ (nm-1) 
Intensity Elser index 
1 11.4 3 111111 
2 16.8 16 222000 
3 18.5 20 311111 
4 19.3 17 022220  
5 22.4 6 311131 
6 25.6 9 400222 
7 29.8 72 422222 
8 31.4 100 244020 
9 36.5 6 511333 
10 43.2 15 644202 
11 44.2 11 644222 
12 50.7 38 044660  
 
The hardness of the as-deposited QC material is about 9.6 GPa, which is in good 
agreement with those reported by Köster et al. [Kös94], who found similar values of 
hardness (9.8 GPa) for Al-Cu-Fe quasicrystals. The Young’s modulus is E = 114 GPa, in 
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accordance with the results observed by Milman et al. [Mil07] and Tcherdyntsev et al. 
[Tch05] (E = 100 – 200 GPa) for similar QC phases. 
 
Figure 4.2 (a, b) TEM micrographs for the single-phase as-deposited Al62.5Cu25Fe12.5 
quasicrystals. Corresponding electron diffraction patterns exhibiting (c) five-, (d) two- 
and (e) three-fold rotational symmetries. 
 
4.2 Structure evolution during milling 
The effect of milling on the structure of the Al62.5Cu25Fe12.5 quasicrystals was 
investigated for different milling speeds (i.e. 150, 250 and 350 rpm), which approximately 
scales as the milling intensity [Joa07]. In this way, it is possible to study the influence of 
the milling intensity on phase formation during milling and to evaluate the efficiency of 
milling for inducing mechanically-driven phase transformations. 
The structural evolution of the Al62.5Cu25Fe12.5 quasicrystals during milling at 150 rpm 
is shown in Figure 4.3(a) as a function of the milling time. The XRD patterns (Co Kα 
radiation) of the powder milled in the first stages of milling (0 – 5 h) are characterized by a 
significant broadening of the diffraction peaks.  
Chapter 4. Mechanical milling of Al-Cu-Fe quasicrystals 
 51 
 
Figure 4.3 XRD patterns (λ = 0.1789 nm) of the single-phase Al62.5Cu25Fe12.5 
quasicrystals mechanically milled at different milling speeds: (a) 150, (b) 250 and (c) 
350 rpm. 
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After milling for 20 h, an additional diffraction peak appears at about 2θ = 51°. This 
additional signal corresponds to the (110) diffraction peak of a CsCl-type Al(Cu,Fe) phase 
(hereafter named β phase). The XRD patterns indicate that the new phase is disordered as 
it does not show the (111) superlattice peak at about 2θ = 35.5°. An additional peak due to 
the β phase appears at about 2θ = 96.5° for milling exceeding 35 h. The parent 
quasicrystalline phase co-exists with the β phase up to 500 h of milling, where the presence 
of a small amount of residual quasicrystalline phase is still visible.  
 
 
Figure 4.4 Grain size (a) and quasilattice strain (b) of the quasicrystalline phase in 
the mechanically milled Al62.5Cu25Fe12.5 deposit evaluated from Figure 4.3 through 
the Voigt function. 
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Finally, for the powder milled for 600 h the diffraction peaks corresponding to the 
quasicrystalline phase are no longer visible, which indicates that a complete transformation 
of the quasicrystals to the β phase occurs during milling. 
The XRD results in Figure 4.3(a) show that a considerable peak broadening occurs 
during the entire milling period. This indicates that grain size refinement as well as the 
creation of micro strain occurs during milling. The Voigt function [Yad05, Kei82] was 
used to quantify changes of the grain size of the quasicrystalline phase during mechanical 
milling. Figures 4.4(a) and 4.4(b) display the average grain size and the micro strain of the 
quasicrystalline phase as a function of milling time. Grain size evaluation was not done for 
milling times exceeding 150 h due to the significant broadening of the quasicrystalline 
diffraction peaks and to the considerable overlap with the evolving peaks of the β phase, 
which did not permit to measure accurately the integral breadth of the quasicrystalline 
peaks. The main changes of size and strain occur during the early stages of milling. The 
grain size rapidly decreases from 1 – 3 µm to about 10 – 20 nm after 10 h of mechanical 
treatment (Figure 4.4(a)). For longer milling times (> 10 h), further grain refinement occurs 
at much slower rate, reaching a saturation value of ~ 5 – 10 nm for milling times exceeding 
40 h. In parallel with the strong reduction of grain size, mechanical milling introduces a 
considerable amount of micro strain, reaching a saturation value of about 0.005 after 
milling for 10 h (Figure 4.4(b)). 
The XRD patterns of the Al62.5Cu25Fe12.5 QC milled at 250 and 350 rpm are shown in 
Figures 4.3(b) and 4.3(c). Similarly to the material milled at 150 rpm, the first stages of 
milling at 250 and 350 rpm are characterized by a considerable broadening of the 
diffraction peaks. However, the milling time needed to reach a significant line broadening 
and to initiate the formation of the β phase remarkably decreases with increasing the 
milling intensity from 150 to 350 rpm. For example, the (110) diffraction peak of the β 
phase was observed after 20 h for milling at 150 rpm, while it needs 3 h at 250 rpm and 
only 1 h for milling at 350 rpm. This clearly indicates that an acceleration of the QC-to-β 
phase transformation occurs with increasing the milling intensity.  
Despite the increased milling intensity from 150 to 350 rpm, the structure of the β 
phase remains disordered throughout the milling period under the used milling conditions. 
For both milling at 250 and 350 rpm, the QCs transform to the β phase at increased rate 
with respect to milling at 150 rpm and already after milling for 80 h the β phase becomes 
the dominant phase. In contrast to the powder milled at 150 rpm, milling at 250 and 350 
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rpm do not lead to a complete transformation from quasicrystalline to β phase; a small 
amount of residual QCs is present after milling for longer times. These residual QC phase 
is especially visible in the powder milled at 350 rpm (Figure 4.3(c)). This behavior may be 
due to the tendency of milling at higher intensity to stabilize the high temperature or 
equilibrium phases, as reported by Bokhonov et al. [Bok08], who observed in the case of 
Al63Cu25Fe12 powders mechanically alloyed at high milling intensity the formation of QCs 
instead of the β phase. It should be also noticed that the other crystalline phases which are 
very close to the icosahedral phase in the Al-Cu-Fe phase diagram (e.g. Al2Cu and 
Al7Cu2Fe [Saa04]) have not been observed at any of the milling intensities used in this 
work. 
The comparison of the variation of grain size and micro strain during milling at 
different intensities (Figure 4.4) indicates that the milling intensity has a significant 
influence on both grain size refinement and introduction of quasilattice strain. All the 
milling intensities used finally lead to a QC phase with grain size of about 5 – 10 nm. 
However, the time needed to reach a size of about 10 nm drastically decreases from 11 h 
for milling at 150 rpm to 2.5 and 1 h for the powders milled at 250 and 350 rpm, 
respectively. Another important aspect is the amount of quasilattice strain introduced by 
milling at different intensities. Milling at 150 rpm leads to a maximum micro strain of 
about 0.0055, which increases to about 0.0075 for the powder milled at 250 rpm. On the 
other hand, no significant increase in micro strain is achieved by increasing the milling 
speed to 350 rpm, suggesting that the extra energy per unit time transferred to the powders 
during milling at 350 rpm is not stored as quasilattice defects. 
The milling speed has also a significant influence on the microscopic features of the 
powder particles. Figure 4.5(a) shows the particle size distribution measured by laser 
diffraction of the terminal powders milled at different intensities. The powder milled at 150 
rpm for 600 h is characterized by a normal size distribution centered at ~35 µm. On the 
other hand, milling at 250 and 350 rpm produces a bimodal distribution consisting of two 
branches: a narrow distribution of fine particles centered at about 10 µm and a much 
broader distribution of particles with size ranging between 70 and 90 µm. The shape of 
powder particles is also different (Figures 4.5(b) – 4.5(d)). The powder milled at 150 rpm 
shows rounded particles as compared to more angular shapes obtained after milling at 250 
and 350 rpm. This might be related to the presence of the residual QC phase in the powders 
milled at 250 and 350 rpm, which is harder and more brittle than the β phase [Kös94]. 





Figure 4.5 (a) Particle size distribution of the Al62.5Cu25Fe12.5 quasicrystalline powder 
after milling at different milling speeds. Morphology of the powders milled at (b) 150, 
(c) 250 and (d) 350 rpm. 
The nature of the β phase formed during milling has also been investigated by TEM. 
The dark field and bright field images and corresponding selected area diffraction pattern 
(SADP) obtained from the Al62.5Cu25Fe12.5 powder milled at 250 rpm are shown in Figure 
4.6. The grain size observed by TEM is about 10 – 20 nm (Figures 4.6(a), 4.6(b) and 
4.6(d)), which is consistent with that obtained from XRD measurements (10 – 30 nm). The 
diffraction rings of the SADP (Figure 4.6(c)) are successfully indexed as a disordered B2 
structure (cell parameter a = 0.292 nm) and no superlattice reflections corresponding to the 
ordered B2 phase are detected, again in agreement with the XRD results. Similar results 
can be observed for the powder milled at 150 and 350 rpm (Figures 4.6(e) and 4.6(f)). 
 






Figure 4.6 Bright- (a) and dark-field (b) TEM images, corresponding selected-area 
diffraction pattern and (c) high-resolution TEM micrograph (d) for the Al62.5Cu25Fe12.5 
powder milled at 250 rpm. TEM images for the material milled at 150 (e) and 350 rpm.  
(e) (f) 
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4.2.1 Kinetic and energetic considerations of the QC–to–β phase transformation 
In order to shed light on the mechanism leading to the mechanically-induced formation 
of the β phase, the kinetics of the QC–to–β phase transformation was studied by analyzing 
the quantity of β phase formed during milling at different milling speeds. The amount of β 
phase was evaluated from XRD measurements assuming that the quantity of QC and β 
phase in the milled samples are proportional to the areas of the (4660 4 0) and (211) peaks 
at 2θ = 92° and 2θ = 97°, respectively. The proportionality constants have been obtained, 
under the same instrumental conditions, using the XRD patterns of the as-deposited 
quasicrystals and of the β phase obtained for milling at 250 rpm. 
 
Figure 4.7 Amount of β phase (wt.%) formed during milling the spray-deposited 
Al62.5Cu25Fe12.5 quasicrystals at different milling speeds. 
The amount of β phase (wt.%) formed during milling at different milling speeds is 
shown in Figure 4.7 as a function of the milling time. For all the milling intensities, the 
kinetic curves consist of three different stages. The first stage is an incubation time (t0), 
with no evidence of β phase formation, where powders are cold worked, apparently only 
storing mechanical energy. The QC–to–β phase transformation starts after this activation 
period and occurs at a significantly high rate. This step is followed by a third stage 
characterized by a much slower transformation rate. The variation of the milling speed 
does not change this behavior. However, the milling intensity does have a considerable 
effect on the characteristics of the transformation. The increase of the milling speed 
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shortens the incubation time needed to start the QC–to–β phase transformation from about 
20 h for milling at 150 rpm to 3 and 1 h for milling carried out at 250 and 350 rpm. Also, 
the transformation is much faster for milling at 250 and 350 rpm compared with milling at 
150 rpm. Finally, it is interesting to notice that, as already observed in the XRD patterns in 
Figure 4.3, the kinetic curves go to saturation only for the powder milled at 150 rpm. For 
milling at 250 and 350 rpm, a small residual amount of QCs, which increases with 
increasing the milling intensity, is present in the terminal powders. 
Figure 4.8 Grain size (a) and quasilattice strain (b) of the Al62.5Cu25Fe12.5 QC phase at t0 
(i.e. the incubation time, the milling time needed to start the QC–to–β transformation) 
for different milling speeds. 
It has been suggested that the grain size can be a critical factor in determining the 
relative stability of the Al-Cu-Fe QC phase vis-à-vis the crystalline β phase [Mur04, 
Zha96]. For example, it has been reported that the Al65Cu20Fe15 QC transforms to the β 
phase during milling when the grain size of the quasicrystals is reduced to ~ 20 nm 
[Mur04]. In order to clarify this aspect, in Figure 4.8(a) the grain size of the QC phase after 
the incubation time (t0) is plotted versus the milling speed. The results reveal that the QC–
to–β phase transformation starts when the grain size is reduced to about 10 nm irrespective 
of the milling speed used and clearly indicate that a critical grain size of the quasicrystals 
for initiating the transformation indeed exists. Thus, the crucial role of the grain size in the 
QC–to–β transformation is confirmed. On the other hand, no critical value of the 
quasilattice strain was found for the QC–to–β transformation (Figure 4.8(b)). This suggests 
that the phase transformation is controlled by the local length scale (i.e. the grain size) and 
by the corresponding grain boundaries rather than by the energy stored in the 
quasicrystalline lattice. 
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The total energies stored during ball milling of metals and alloys can reach values of 
about 10 kJ/mol [Fec02]. These values are much higher than those resulting from 
conventional cold working processes, where the excess energy (mostly due to dislocations) 
is generally in the range of 1–2 kJ/mol [Fec02]. This indicates that most of the energy is 
stored in the form of grain boundaries and related strains within the grains [Fec02]. The 
high energy stored within the grain boundaries in nanocrystalline materials is a direct 
consequence of the formation of a large number of grain boundaries (~6×1025 m−3 for a 10 
nm-grain size [Sur00]) and of the a large volume fraction of atoms located in the grain 
boundaries (about 30 % for 10-nm grains [Sur00]). 
For the present MM Al-Cu-Fe quasicrystals, the grain size at the incubation time t0 (i.e. 
the milling time needed to start the QC–to–β transformation) is about 10 nm for all the 
milling speeds investigated (Figure 4.8). The resulting grain boundary energy ( gbG∆ ) in 





=∆    ,  (4.1) 
where γgb is the grain boundary energy per unit area, which can be assumed as a first 
approximation to be equal to aluminum (320 mJm−2), Vm is the molar volume and d is the 
grain size obtained from x-ray diffraction. The grain boundary energy of the MM Al-Cu-Fe 
quasicrystals at t0 calculated through Equation 4.1 is about 7–9 kJ/mol, in agreement with 
the values for other nanocrystalline metals and alloys produced by ball milling [Fec02]. On 







EAfel    ,  (4.2) 
(where η is the linear expansion and is assumed to be equal to the micro strain, E is the 
Young’s modulus (114 GPa), υ is the Poisson’s ratio (0.41) and A is related to 
compositional changes and is assumed to be 1), is only 0.02–0.3 kJ/mol. The fact that that 
most of the energy is stored in the form of grain boundaries was further demonstrated by 
experimentally quantifying the energy stored in the material by differential scanning 
calorimetry (DSC). The energy release during heating of the quasicrystals milled for 20 h 
at 150 rpm, which corresponds to the area of the broad exothermic DSC signal in Figure 
4.9, is ~9 kJ/mol, in excellent agreement with the value calculated through Equation 4.1. 
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Besides the evaluation of the energy stored in the material, it is also important to 
quantify the energy transferred to the material during milling in order to estimate the 
milling efficiency. This can be done by the knowledge of the milling intensity. 
As already mentioned, the intensity of milling can be varied by changing the milling 
speed. The evaluation of the milling intensity is a difficult task because it depends on the 
internal mechanics of the mill and, consequently, on the kinetic energy imparted to the 
grinding balls, as well as on mass, size and number of the balls. However, the milling 
intensity of a planetary ball mill and, consequently, the energy transferred to the powders 
during milling (i.e. the energy dose) can be calculated approximately using a simple model 
based on the mass and velocity of the milling balls [Bur91, Abd95, Mur95, Joa07]. 
 
Figure 4.9 Isochronal (20 K/min) DSC scan of the Al62.5Cu25Fe12.5 QC phase milled for 
20 h at 150 rpm. 
In this model, the ball energy per hit, Eb, is defined as [Joa07] 
25.0 bbbb vmE φ=    ,  (4.3) 
where mb (~3.5 g) and νb are the mass and velocity of the balls and φb is an efficiency 
factor related to the filling of the vial, which is close to 1 for one-third filling of the vial 
[Bur91]. For milling with a single milling ball, the ball velocity is given by the expression 
[Bur91, Abd95, Joa07] 
2/12222 )}]/(21{)([2 Ω+−+Ω= ωωpi bvpb rRRv  ,  (4.4) 
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where, Rp, Rv and rb are the radii of the supporting disc (150 mm), vial (42.5 mm) and ball 
(5 mm), respectively, while  and Ω are the angular velocities of vial and plate, 
respectively (see Table 4.2). The energy dose Et, i.e. the amount of energy transferred to 




tfEE      ,  (4.5) 
where fb is the frequency of impacts, t is the milling time and Wp is the weight of the 








    ,  (4.6) 
where nb is the number of milling balls (85). The expression for the ball velocity b 
considers a single ball motion in a planetary ball mill [Bur91, Abd95]. The presence of a 
large number of milling balls has been incorporated into the expression by using the 
efficiency factor (vial filling factor) b [Joa07]. 
Table 4.2 Angular velocities corresponding to the milling speeds used. (Here and Ω 
are the angular velocities of vial and plate. rps = revolution per second.) 
 150 rpm 250 rpm 350 rpm 
 (rps) 2.5 4.2 5.8 
Ω (rps) -2.5 -4.2 -5.8 
 
Table 4.3 Milling quantities calculated through Equations 4.3, 4.4 and 4.6 for different 
ball mills [Abd95] and for the present investigation. 
 Vibratory mills ________________________ 
Planetary mills 
__________________________________ 
 Attritor Pulv. O SPEX P5 G7 G5 Present work 
Ball velocity 
(m/s) 0–0.8 0.14–0.24 < 3.9 2.5–4 0.24–6.58 0.28–11.2 2.5–5.3 
Ball energy per hit 
(10-3 J/hit) < 10 3–30 < 120 10–400 0.4–303.2 0.53–884 9–50 
Impact frequency 
(Hz) > 1000 15–50 200 ~100 50–92.4 4.5–92.4 68–158 
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The milling parameters for the present Al62.5Cu25Fe12.5 QCs calculated by Equations 
4.3, 4.4 and 4.6 are summarized in Table 4.3. The values for the planetary mill used in this 
work are in good agreement with those reported by Abdellaoui et al. [Abd95] for similar 
planetary ball mills. 
To analyze the QC–to–β transformation from the energy point of view, the values in 
Table 4.3 have been combined with the kinetic data in Figure 4.7. The results are shown in 
Figure 4.10, where the amount of β phase formed during milling at different milling speeds 
is plotted as a function of the energy dose (calculated through Equation 4.5) transferred to 
the Al62.5Cu25Fe12.5 QC phase. 
 
Figure 4.10 Amount of β phase formed at different milling speeds as a function of the 
energy dose transferred to the Al62.5Cu25Fe12.5 QC phase during milling. 
The results show that the energy needed to initiate the QC–to–β transformation 
(corresponding to t0 in the kinetic curves in Figure 4.7) ranges between 330 and 500 
kJ/mol. The comparison with the data in Figure 4.9 reveals that only 2 – 3 % of the energy 
provided by milling is actually stored into the material. This is due to the fact that the 
collision model used to calculate the energy dose (Equations 4.3 – 4.6) does not exactly 
represent the milling process [Abd95]. The model is based on the assumption of inelastic 
collisions, where the kinetic energy is totally transferred to the powders during the impacts 
[Abd95]. Most likely, real collisions are not purely inelastic and part of the ball energy is 
conserved, drastically reducing the amount of energy transferred to the powders. In 
addition, the model assumes that there is no relative motion between the ball and the vial 
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wall prior to the departure point, i.e. the ball does not slip, and that, after the flying time, 
the ball is newly attached to the wall without any elapsed time [Abd95]. This would lead to 
further overestimate the energy dose. 
 
Figure 4.11 Vial temperature during milling the Al62.5Cu25Fe12.5 QC phase at different 
milling speeds. 
Although the energy calculated through Equation 4.5 should be considered as an upper 
limit for the energy transferred to the powder during milling, the model provides a useful 
tool to determine the physical parameter governing the phase transitions induced by ball 
milling. [Abd95]. Figure 4.10 reveals that the energy needed for the QC–to–β 
transformation increases with increasing the milling speed from 150 to 350 rpm, that is, the 
energetic efficiency of the process decreases with increasing the milling intensity. This 
indicates that at least part of the extra energy supplied during milling at high intensities 
(i.e. 250 and 350 rpm) is not used to induce the phase transformation but it is most likely 
dissipated by heat. This hypothesis is corroborated by Figure 4.11, which shows the vial 
temperature during milling at different milling speeds. For all the milling speeds 
investigated, the vial temperature increases in the first stages of milling and after about 5 h 
of milling it reaches an almost constant value, which depends on the milling speed used. 
Milling at 150 rpm leads to an increase of temperature to about 8 K. The temperature rise 
reaches a value of 14 K for milling at 250 rpm, while the value increases to about 30 K for 
milling at 350 rpm. This clearly indicates that an increasingly large amount of milling 
energy is dissipated by heat when the milling speed increases from 150 to 350 rpm, 
Chapter 4. Mechanical milling of Al-Cu-Fe quasicrystals 
 64 
explaining the low energetic efficiency of the process performed at high milling intensities 
(Figure 4.10) as well as the lack of significant increase in quasilattice strain for the sample 
milled at 350 rpm (Figure 4.4(b)). 
 
4.3 Structure evolution during heating 
As a typical example of the thermal stability of the mechanically-milled 
Al62.5Cu25Fe12.5 quasicrystals, Figure 4.12 shows the DSC scan (20 K/min) of the powder 
milled for 600 h at 150 rpm. In the temperature range considered (450 – 1070 K), the curve 
displays three consecutive exothermic events, which suggests that a sequence of phase 
transformations occurs during heating. The sequence starts at about 530 K with a sharp 
exothermic event followed by a smaller and broader signal at about 705 K, before an 
additional strong and sharp exotherm occurs at higher temperature (860 K). 
 
Figure 4.12 Isochronal (20 K/min) DSC scan of the Al62.5Cu25Fe12.5 QC phase milled 
for 600 h at 150 rpm. 
In order to clarify the structure evolution during heating of the powder milled at 150 
rpm, XRD experiments using the high-energy synchrotron beam (λ = 0.01304 nm) were 
recorded in-situ at different temperatures and the results as a function of temperature 
between 450 and 1070 K (corresponding to the DSC scan in Figure 4.12) are summarized 
in Figure 4.13(a) along with the same data for the scattering vector (Qp = 4pisinθ/λ) in the 
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range between 25 and 35 nm-1, where the β phase and the Al62.5Cu25Fe12.5 quasicrystals 
display the most intense diffraction peaks (Figure 4.13(b)). 
 
Figure 4.13 (a, b) XRD patterns (λ = 0.013 nm) of Al62.5Cu25Fe12.5 quasicrystals milled 
for 600 h at 150 rpm. (c) Intensity of the diffraction peaks for the QC and β phases at 
about Qp = 30 nm-1. 
The pattern taken at room temperature (corresponding to the as-milled powder) shows 
the formation of the nanoscale β phase, therefore, corroborating the results from laboratory 
XRD experiments (Figure 4.3(b)). The diffraction peaks of the β phase are remarkably 
broad, as it is typical for a nanoscale structure, corresponding to a grain size of about 20 
nm. Above 500 K, the peaks of the β phase sharpen and increase in intensity, which 
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corresponds to an increase of the grain size to about 25 nm. Subsequently, at intermediate 
temperatures (700 – 835 K) corresponding to the second exothermic DSC event, additional 
peaks that can be assigned to the Al62.5Cu25Fe12.5 quasicrystalline phase appear at Qp = 30 
and 31 nm-1 (Figure 4.13(b)). In the same temperature range, the grain size of the β phase 
further increases to about 40 nm. At temperatures above the second exothermic event (875 
K) the quasicrystalline diffraction signals become sharper and can be distinctly observed, 
whereas the peaks corresponding to the β phase become progressively less intense and 
finally are barely visible. Finally, at higher temperatures (~T > 970 K), the β phase is no 
longer observable, indicating that this phase is metastable and transforms back into the 
stable quasicrystalline phase. The grain size of the QC phase does not show appreciable 
grain growth until the temperature exceeds 950 K (>0.80 Tm). Above 950 K, the growth of 
the QC grains is considerably faster and the grain size exceeds 400 nm at 1070 K. The 
growth of quasicrystals on the expenses of the β phase in the range 715 to 1000 K can 
clearly be observed in Figure 4.13(c), which compares the intensity signal of the major 
peaks of the phases. Above 1000 K the (110) peak of the β phase at about Qp = 30 nm-1 is 
not detected and the intensity at this position is due to the closely situated (422222) QC 
peak.  
Similar results have been observed using laboratory X-ray diffraction (λ = 0.1789 nm), 
as shown in Figure 4.14. In these experiments, the Al62.5Cu25Fe12.5 powders milled at 
different milling speeds were heat-treated in the DSC by continuous heating at 20 K/min 
up to different temperatures and then cooled to room temperature at 100 K/min. For all the 
samples, heating to 673 K leads to sharpening of the diffraction peaks of the β phase, 
indicative of grain growth. When the temperature is further increased to 773 K, the 
diffraction peaks corresponding to the QC phase become more visible. With increasing the 
temperature to 873 K, the amount of QC phase increases at the expenses of the β phase. At 
this temperature, the grain size of the QC phase remains in the nanoscale regime (~30 nm), 
which indicates a relatively slow grain growth of the quasicrystals, in agreement with the 
results reported by Barua et al. [Bar01], who observed for MA Al-Cu-Fe quasicrystals a 
grain growth from 10 to 18 nm after annealing at 873 K for 4 h. The grain size of the QC 
phase appreciably increases only upon heating to 1073 K (~300 nm). 
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Figure 4.14 XRD patterns (λ = 0.1789 nm) of the Al62.5Cu25Fe12.5 quasicrystals 
mechanically milled at (a) 150, (b) 250 and (c) 350 rpm after heat treatment to 
different temperatures. 
It is worth noticing that, for the powders milled at 250 and 350 rpm, the β–to–QC 
transformation is not complete. The amount of residual β phase left after heat treatment at 
1073 K increases with increasing milling speed from 250 to 350 rpm. This is in agreement 
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with the results reported by Srinivas et al. [Sri00], who observed for Al70Cu20Fe10 that the 
β phase obtained by high-intensity milling does not fully convert to the QC phase even 
after annealing at 873 K for 4 hours, while the β phase produced by low-intensity milling 
fully transforms to the QC structure at the same annealing conditions. This behavior can be 
explained by the impurity contamination (i.e. Fe and O) during milling. Salimon et al. 
[Sal01] have suggested that the enhanced Fe contamination at high milling intensities may 
shift the chemical composition of the powders towards the Fe-rich corner of the phase 
diagram, therefore, favoring the formation of the Fe-rich β phase. A similar effect can be 
achieved by oxygen contamination. Localized oxidation of the Al-Cu-Fe powders with the 
preferential formation of Al oxide may decrease the Al content in the QC phase, lowering 
the Al/Fe ratio [Pat09] and, consequently, promoting the formation of the β phase. 
 
 
Figure 4.15 (a) Iron and oxygen contents for the as-deposited Al62.5Cu25Fe12.5 
quasicrystals and for the material milled for 600 h at 150 rpm and 300 h at 350 rpm. (b) 
Bright field TEM image and corresponding EDX spectra of the powder milled at 350 
rpm for 300 h showing aluminum and oxygen-rich grains. 
(b) 
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Figures 4.15(a) shows the Fe and O content of the as-deposited Al62.5Cu25Fe12.5 
quasicrystals and of the material milled at 150 and 350 rpm. The results indicate that both 
Fe and O contaminations increase with increasing the milling speed from 150 to 350 rpm, 
which corroborates the contamination-induced high-temperature stability of the β phase. 
This hypothesis is further supported by the TEM micrograph and the corresponding energy 
dispersive X-ray spectroscopy (EDX) curves of the powder milled at 350 rpm shown in 
Figures 4.15(b). The micrograph reveals the presence of few oxygen-rich grains close to 
the surface. The grains are rich in Al and poor in Cu and Fe, which indicates that preferred 
oxidation of aluminum occurs at this milling intensity, decreasing the Al/Fe ratio in the 
vicinity of the oxygen-rich regions and, as a result, stabilizing the β phase. 
 
4.4 Effect of milling on hardness 
The phase transformations occurring during milling and subsequent annealing (Figures 
4.3 and 4.14) have a remarkable effect on the hardness of the milled powders. As a typical 
example of the effect of the structure on the mechanical properties of the material, Figure 
4.16 shows the hardness of the as-milled Al62.5Cu25Fe12.5 quasicrystals milled at 150 rpm as 
a function of the milling time (black symbols). 
The hardness decreases sharply in the first stages of milling from 9.6 GPa (the hardness 
of the starting icosahedral phase) to about 7.7 GPa after about 40 h of milling. The 
hardness slightly decreases for longer milling times, reaching a saturation value of about 7 
GPa for milling times exceeding 200 h. Most likely, this is a consequence of the formation 
of an increasing amount of the softer β phase (7.6 GPa [Kös94]) with increasing milling 
time (Figures 4.3). 
The mechanically-induced softening can be reversed by using the proper heat 
treatment. This is shown by the red symbols in Figure 4.16, which represent the effect of 
the heat treatment to different temperatures on the hardness of the sample milled for 600 h. 
The hardness continuously increases from about 7 GPa for the as-milled powder to ~9.6 
GPa for the sample heat treated at 1073 K. The comparison of the hardness vs. temperature 
with the structure evolution during heating (Figures 4.16) clearly indicates that the 
hardness of the material is strongly correlated with its structure. The hardness is low (~7 
GPa) for the as-milled powder that shows a structure consisting of the nanocrystalline β 
phase and it increases with increasing temperature due to the formation of the 
quasicrystalline phase, which is characterized by higher values of hardness. Finally, at 
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1073 K, where the structure consists of the quasicrystalline phase, the hardness goes back 
to the typical values of quasicrystals (~9.6 GPa). The possibility to tune the hardness 
within a wide range of values (7–9.6 GPa) as a function of the volume fraction of the 
different phases suggests that a composite material with optimized strength and toughness, 
required for technological applications, such as for coatings materials and thin films, can 
be produced by an appropriate thermo-mechanical treatment. 
 
Figure 4.16 Hardness as a function of the milling time for the Al62.5Cu25Fe12.5 
quasicrystals milled at 150 rpm (black symbols) and effect of heat treatment on the 
hardness of the powder milled for 600 h at 150 rpm (red symbols). 
 
4.5 Inverse Hall-Petch behavior in nanostructured Al62.5Cu25Fe12.5 quasicrystals 
Strengthening of engineering materials by grain refinement is a well-known strategy 
for improving materials performances. For conventional polycrystalline materials, this 
behavior can be expressed by the Hall-Petch (HP) relationship, which provides a semi-
empirical guideline to correlate the increase of strength (or hardness) with the decrease of 






   ,  (4.7) 
where 0σ  is the frictional stress resisting the motion of dislocations or the internal back 
stress, k is the Hall-Petch slope related to the measure of resistance for the movement of 
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dislocations from one grain to another and d is the average grain size [Son99]. A similar 





+= dkHH H    ,  (4.8) 
This strengthening effect has been ascribed to the pileup of dislocations and the 
resistance of the dislocations to slip transfer [Arm83, Las86, Muk06]. However, at the 
nanoscale grain size, where dislocation activity is believed to be absent [Koc01], there 
should be a threshold grain size below which the above equation may not be valid (i.e, k or 
kH may not be positive) implying that the materials get softened rather than hardened. 
Indeed, several reports have shown that, below a critical grain size (10 – 50 nm), the Hall–
Petch slope may decrease and even become negative, the so-called inverse Hall-Petch 
(IHP) behavior [Muk06, Koc01, Pan09, Cha92, Erb95, Cha07, Jan03, Sie97]. 
Although supported by experimental evidence, the occurrence of the IHP behavior is 
still controversial, in particular when two-step processes, such as consolidation of 
mechanically attrited powders or crystallization of amorphous materials, are used to obtain 
nanocrystalline materials [Koc01, Sie97]. In fact, the thermal treatments used in the two-
step processing may induce changes in the structure and composition of the grain 
boundaries as well as densification, stress relief and phase transformation that, in turn, may 
lead to an “apparent” inverse HP behavior [Koc01, Sie97]. This suggests that the effect of 
grain size on the strength or hardness of materials should be investigated for the as-
prepared nanocrystalline materials. 
Softening induced by grain refinement to the nanometer regime has been reported for 
pure metals and crystalline intermetallic compounds [Muk06, Koc01, Pan09, Cha92, 
Erb95, Cha07, Jan03, Sie97]. On the other hand, no attention has been paid to the possible 
softening in nanocrystalline quasicrystals. Quasicrystals display peculiar structures 
characterized by non-crystallographic symmetries [Saa04], therefore, the occurrence of the 
inverse HP behavior in nanostructured quasicrystals would imply that softening in the 
nanometer regime is a general phenomenon irrespective of the structure of the material. In 
order to clarify this aspect, the hardness of nanocrystalline Al62.5Cu25Fe12.5 quasicrystals 
produced by mechanical milling has been measured over a wide range of grain sizes. 
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Figure 4.17 XRD patterns (λ = 0.013 nm) of as-deposited (0 h) and Al62.5Cu25Fe12.5 
quasicrystals mechanically milled at 100 rpm. 
 
Figure 4.18 (a) Average grain size as a function of the milling time of the 
Al62.5Cu25Fe12.5 quasicrystals milled at 100 rpm. TEM micrographs showing the typical 
grains of the quasicrystals milled for (b) 1, (c) 20 and (d) 80 h. 
Chapter 4. Mechanical milling of Al-Cu-Fe quasicrystals 
 73 
The quasicrystals were milled at a low milling intensity (100 rpm) and for a relatively 
short time (80 h) to prevent the formation of the β phase. In order to avoid any possible 
artifact due to sample preparation, hardness measurements were carried out on the as-
produced nanocrystalline powders. The structure evolution of the Al62.5Cu25Fe12.5 
quasicrystalline phase during mechanical milling is presented in Figure 4.17 along with the 
pattern of the starting as-prepared sample (0 h). The patterns of the milled samples display 
a noticeable broadening of the diffraction signals, which intensifies with increasing of the 
milling time. This indicates that a strong decrease of the grain size occurs during milling, 
as already observed for the QC milled at 150, 250 and 350 rpm (Figure 4.3). No indication 
of β phase formation is found at these milling conditions. 
In order to evaluate the evolution of the grain size during milling, the samples milled 
for different periods were investigated by TEM. The average grain size of the QC phase 
evaluated by TEM is shown in Figure 4.18(a) as a function of the milling time. The grain 
size rapidly decreases from ~2 µm for the as-deposited material (0 h) to about 88 nm after 
1 h of mechanical treatment (Figure 4.18(b)). The grain size is further reduced to ~24 nm 
after milling for 20 h (Figure 4.18(c)). For longer milling times (> 20 h), additional grain 
refinement occurs at much slower rate, reaching the minimum value of ~ 18 nm for the 
powder milled for 80 h (Figure 4.18(d)). 
Grain refinement has a significant influence on the hardness of the milled QC powders, 
as shown in Figure 4.19, where the hardness is plotted as a function of d-1/2. Two distinct 
behaviors can be observed: a Hall-Petch behavior for decreasing the grain size from 2000 
to 40 nm, where the hardness increases from 9.6 to 11.5 GPa, and an inverse HP behavior 
for grain sizes smaller than 40 nm, where the hardness decreases from 11.5 to 8.6 GPa. 
Interestingly, the HP behavior observed for grain sizes larger than 40 nm is not linear. The 
hardness initially increases slightly from 9.6 to 9.8 GPa with a slope k = 2.3 GPa/nm1/2 for 
a size reduction from 2000 to 100 nm. This is followed by a second stage between 100 and 
40 nm, where the hardness increases more steeply from 9.8 to 11.5 GPa with a slope k = 30 
± 4 GPa/nm1/2. The transition from HP to inverse HP behavior occurs at about 40 nm, 
which represents the critical value for grain size softening of the present Al62.5Cu25Fe12.5 
quasicrystals. Below 40 nm, the slope of the HP plot becomes negative (k = −37 ± 6 
GPa/nm1/2).  
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Figure 4.19 Hall-Petch (HP) plot of the hardness for the Al62.5Cu25Fe12.5 quasicrystals 
milled at 100 rpm showing the transition between HP to IHP behavior at about 40 nm. 
The deformation mechanism of single- and poly-crystalline QC phases at moderate to 
higher temperature is mediated by dislocations [Saa04, Feu97]. Due to the evolution of 
phason strain (typical of quasiperiodic phases) during deformation of QCs, the dislocation-
assisted deformation is almost absent at low temperature and, similarly to bulk metallic 
glasses, room temperature deformation of QCs is mainly controlled by shear band 
formation rather than by dislocation mechanisms [Muk06, Azh04, Muk06-b, Muk08-b, 
Abu02, Muk07]. The creation of defects in the QC structure during the first stages of 
milling may further hamper the movement of the phason and phonon components of the 
dislocations. In addition, the formation of new grain boundaries resulting from grain 
refinement may create obstacles for the propagation of the shear bands, explaining the HP 
effect observed for grain sizes above 40 nm (Figure 4.19). With further decreasing the 
grain size below 40 nm, an increasingly large amount of grain boundary areas are created, 
where the atoms are highly disordered in nature, locally resembling an amorphous phase. 
Here, shear banding as well as grain boundary sliding, which are also operative in many 
nanocrystalline materials [Alv96], may be favored, explaining the reduction of hardness. 
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Chapter 5. Al-based metal matrix composites reinforced with Al-
Cu-Fe quasicrystalline particles 
Al-based metal matrix composites (MMCs) are particularly attractive for lightweight 
applications thanks to their remarkable properties, including low density, high strength and 
good fatigue and wear resistance [Cly93, Kai06, Mur96, Mir05, Emb89]. In addition, MMCs 
offer the possibility to tailor their properties to meet specific requirements, which renders 
this type of materials quite unique in comparison to conventional unreinforced materials 
[Cly93, Kai06, Mur96, Mir05, Emb89]. 
As already mentioned in Chapter 5, the Al62.5Cu25Fe12.5 quasicrystalline phase displays 
attractive properties, including relatively low density (~ 4.7 g/cm3 [Tan04]), high hardness 
(9.8 GPa [Saa04]) and high-temperature strength (~ 220 MPa at 893 K [Saa04]). Therefore, 
this phase is not only interesting in the single-phase form but it represents a potential 
candidate as reinforcement in lightweight high-strength MMCs. Accordingly, in this 
chapter the effectiveness of the Al62.5Cu25Fe12.5 QC phase as a reinforcing agent in Al-
based metal matrix composites produced by powder metallurgy is analyzed. The work is 
focused on two specific aspects: evaluation of the mechanical properties through room 
temperature compression tests and modeling of the resulting properties. 
 
5.1 Microstructure and mechanical behavior 
The quasicrystalline reinforcing powder was prepared by milling the single-phase 
Al62.5Cu25Fe12.5 quasicrystalline material produced by spray deposition. In order to avoid 
the formation of the bcc phase (see Chapter 4), the powders were milled for 10 hours at a 
milling intensity of 100 rpm. The size distribution of the as-milled quasicrystalline powder 
(Figure 5.1) reveals that most of the particles (87.5 vol.%) have a size below 20 µm, 
whereas only a minor part (12.5 vol.%) has a size exceeding 20 µm. The as-milled powder 
was then classified using a 125 µm sieve. In order to produce Al-based MMCs reinforced 
with quasicrystalline particles, commercially pure aluminum was blended with different 
amounts (V = 20, 40 and 60 vol.%) of Al62.5Cu25Fe12.5 quasicrystalline particles. The 
composite bulk materials were synthesized by hot pressing followed by hot extrusion under 
argon atmosphere. For all the composites, hot pressing was done at 523 K and 637 MPa for 
10 minutes. Hot extrusion of the samples with 20 and 40 vol.% of reinforcement was 
carried out at 693 K and 530 MPa, whereas higher temperature (758 K) was necessary for 
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the extrusion of the sample with V = 60. This gives rise to consolidated composites with a 
relative density of about 98 %. For comparison purposes, a bulk specimen was produced 
by extrusion of pure Al powder using the same consolidation parameters as used for the 
MMCs. 
 
Figure 5.1 Particle size distribution of the Al62.5Cu25Fe12.5 quasicrystalline powder 
after milling. 
The XRD patterns of the composites reinforced with different amounts of 
quasicrystalline particles are shown in Figure 5.2 along with the pattern of the single-phase 
quasicrystalline reinforcing powder (V = 100). The pattern for the composite with V = 20 
shows the presence of fcc Al along with the quasicrystalline phase. Similar results can be 
observed for the sample with 40 vol.% quasicrystals, where the intensity of the QC 
diffraction peaks increases with respect to the composite with V = 20 due to the higher 
volume fraction of QC reinforcement. The detection of only two phases in the patterns of 
the composites with V = 20 and 40 indicates that no reaction between matrix and 
reinforcement to form additional phases has occurred in the current consolidation 
conditions (extrusion at 693 K and 530 MPa). On the other hand, the pattern of the sample 
V = 60, which was consolidated at higher temperature (758 K), reveals the formation of the 
ω-Al7Cu2Fe tetragonal phase. These findings are in agreement with the results reported by 
Kenzari et al. [Ken08] for similar Al-based composites reinforced with Al-Cu-Fe 
quasicrystals, who observed the transformation from icosahedral to ω-phase for annealing 
at temperatures higher that 723 K. Similar results have also been reported for composites 
reinforced with Al-Cu-Fe particles consolidated at temperatures in the range 823 – 873 K 
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[Tan03, Kal04, Tsa93]. The formation of the ω-phase can be understood by considering the 
Al–Cu–Fe phase diagram [Saa04, Fau91]. No two-phase regions with the co-existence of 
pure aluminum and the quasicrystalline phase exist for this system [Fau91, Gra93]. Instead, 
the stable tetragonal Al7Cu2Fe ω-phase exists between the icosahedral phase and aluminum 
at room temperature as well as at elevated temperatures [Fau91, Cal90, Gra93]. Therefore, 
during sintering at high temperature, atomic diffusion takes place leading to the 
transformation from the icosahedral phase to the ω-phase with higher Al content [Tan04]. 
 
Figure 5.2 XRD patterns (Co Kα radiation) of single-phase quasicrystalline 
Al62.5Cu25Fe12.5 reinforcement (V = 100) and hot extruded composites with 20, 40 and 
60 vol.% of reinforcing particles. 
The microstructure of the composites was investigated by SEM and the corresponding 
micrographs taken from the cross-section of the consolidated specimens are shown in 
Figure 5.3. The sample with V = 20 (Figure 5.3(a)) shows the quasicrystalline particles 
(bright areas) homogenously distributed within the Al matrix (dark areas). As the 
reinforcement content increases to 40 and 60 vol.%, the QC particles tend to agglomerate 
to form clusters, though the overall distribution of reinforcement particles in the matrix 
remains fairly uniform (Figures 5.3(b) and 5.3(c)). 
The Young’s modulus for the pure quasicrystalline material evaluated by ultrasonic 
measurements is 114 GPa. This value is very close to that reported by Köster et al. [Kös93] 
for Al-Cu-Fe quasicrystals (110 GPa). The measured values of the Young’s modulus for 
the present composites closely follow the rule of mixtures, as shown in Figure 5.4. This is 
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in contrast with the results reported by Schurack et al. [Sch03] for Al-based composites 
reinforced with Al63Cu25Fe12 quasicrystalline particles, who observed a constant value of 
Young’s modulus of about 70 GPa for all the composites regardless the reinforcement 
content (Figure 5.4). This discrepancy may be due to the different methods used for the 
measurements. In the present work, the Young’s modulus was evaluated by ultrasonic 
measurements, whereas Schurack et al. [Sch03] obtained their results from compression 
tests. 
 
Figure 5.3 SEM micrographs for the consolidated composites with (a) 20 vol.%, (b) 
40 vol.% and (c) 60 vol.% of Al62.5Cu25Fe12.5 reinforcement. 
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Figure 5.4 Young’s modulus of the extruded composites as a function of the volume 
fraction of the Al-Cu-Fe quasicrystalline reinforcement for:  present work and 
Schurack et al. [Sch03]. 
The room temperature compression true stress-true strain curves of the tests under 
quasistatic loading for the composite materials are shown in Figure 5.5 together with the 
curve for pure Al (V = 0). The addition of the quasicrystalline reinforcement is very 
effective for improving the room temperature mechanical properties of pure Al. The 
compressive strength (the maximum compressive stress which the material is capable of 
sustaining [AST03]) increases from 155 MPa for pure Al to 330 and 407 MPa for the 
composites with 20 and 40 vol.% of reinforcement, respectively, reaching an ultimate 
strain of 55 % and 20 % before fracture occurs. These results indicate that the addition of 
the QC reinforcement leads to composite materials with compressive strengths exceeding 
that of pure Al by a factor of 2 – 2.5, while retaining appreciable plastic deformation. The 
compressive strength further increases to 565 MPa for the sample with V = 60, however, 
the fracture strain is drastically reduced to 3.5 %. This is most likely due to the observed 
particle agglomeration and clustering (Figure 5.3(c)) that can increase the average size of 
the reinforcement and modify the aspect ratio, which in turn may favor the brittle behavior 
in the composite with larger reinforcement content [Bin94, Mcd85]. 
The values of compressive strength and fracture strain observed in this work are in 
good agreement with the results reported by Schurack et al. [Sch03] for similar composites 
consisting of pure Al reinforced with large volume fractions (≥ 40 vol.%) of Al63Cu25Fe12 
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QC particles. In both works the composites have been prepared by powder metallurgy 
through hot extrusion of the composite powders. However, while Schurack et al. [Sch03] 
produced the QC reinforcing particles by mechanical alloying of elemental powder 
mixtures, in the present work the reinforcing powder was produced by pulverization of 
spray-deposited quasicrystals, which clearly demonstrates the efficiency of the 
quasicrystals as reinforcing agents in Al-based MMCs regardless of the processing route 
used for the production of the QC particles. 
 
Figure 5.5 Room temperature compression true stress-true strain curves for the hot 
pressed and hot extruded pure Al (V = 0), composites with 20 vol.% (V = 20), 40 
vol.% (V = 40) and 60 vol.% (V = 60) of Al62.5Cu25Fe12.5 particles. 
 
5.2 Modeling of mechanical properties 
The experimental values of the room temperature yield strength (offset = 0.2 %) of the 
consolidated composites are shown in Figure 5.6 as data points (). The yield strength 
does not increase linearly with increasing the reinforcement content but, instead, it grows 
slowly for the composite with V = 20 (σy = 123 MPa, which is about 10 MPa higher than 
the unreinforced Al matrix) and then it rises significantly for reinforcement contents larger 
than 20 vol.% reaching a value of 405 MPa for the sample with V = 60. This behavior is in 
agreement with the data reported by Schurack et al. [Sch03] for Al-based composites 
reinforced with large volume fractions (≥ 40 vol.%) of QC particles as well as with the 
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results observed by Fleury et al. [Fle01] for composites with low volume fractions of QC 
particles (10 vol.%) (Figure 5.6). 
 
Figure 5.6 Yield strength of the consolidated samples as a function of the volume 
fraction of reinforcement. Experimental data (points):  present work, Schurack et 
al. [Sch03] and  Fleury et al. [Fle01]. Calculated values (lines) from 1f  (load 
bearing effect), df  (dislocation strengthening) and sf  (matrix ligament size). 
The strengthening effect in particulate-reinforced metal matrix composites is generally 
attributed to two main factors [Llo94]: the load bearing effect of the hard reinforcement, in 
which the reinforcement can share the applied stress directly by stress transfer from the 
matrix [Pig80, Nar86, Nar87] and the dislocation strengthening in the matrix, which is 
related to the nucleation of additional dislocations in the matrix due to the introduction of 
the reinforcement [Vog86, Shi92]. Some attempts [Pic92, Hir91, Ram96] have been made 
to consider quantitatively the combined effect of both the load bearing effect and the 
dislocation strengthening. Ramakrishnan [Ram96] has proposed an analytical expression to 
predict the yield strength by incorporating the two effects as 
( )( )dyy ff ++= 11 10σσ  ,  (1) 
where 0yσ  is the yield strength of the unreinforced matrix (113 MPa), f1 is a reinforcing 
factor related to the load bearing effect and fd is the reinforcing factor related to the 
dislocation strengthening.  
For particulate-reinforced composites, the general expression for 1f  is [Nar86, Zha04-
b] 
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Vf 5.01 =  .  (2) 
fd is given by 
0/ ydisdf σσ∆=  ,  (3) 
where disσ∆  is the increase of the yield strength caused by dislocation strengthening as [54] 
222 )()()( geotheordis σσσσ ∆+∆+∆=∆  ,  (4) 
where orσ∆  is the Orowan stress or the stress increase needed to pass a dislocation through 
an array of impeding particles, theσ∆ is the stress contribution due to the statistically stored 
dislocation introduced by the thermal expansion mismatch between matrix and second 
phase particles and geoσ∆ is the stress contribution due to the strain gradient effects 
associated with the geometrically necessary distributions of dislocations required to 
accommodate the plastic deformation mismatch between matrix and particles. 
The analytical expressions for orσ∆ , theσ∆  and geoσ∆  are related to the volume fraction 
(V) and the size (D) of the reinforcement [Scu09, Ars86, Ars91, Mil91, Han77, Bro76]. 




µϕσ =∆      ,  (5) 
where ϕ  is a constant of the order of 1; b  (0.283 nm [Liu03]) and µ  (28 GPa [Liu03]) are 
the Burgers vector and shear modulus of the metal matrix, respectively; L  is the 
interparticle spacing of the second phase particles. If the volume fraction and diameter of 











DL pi    .  (6) 
The stress increment due to thermal expansion mismatch is [Han77] 
ρµησ bthe =∆     ,  (7) 









αρ    ,  (8) 
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where α∆ is the difference in thermal expansion coefficient between the matrix and the 
particles (1.2 × 10-6 0C-1); T∆ is the temperature change from processing temperature to 
room temperature. 
The stress increment due to geometrically necessary dislocations is [Bro76] 
DbV mgeo /εµβσ =∆   ,  (9) 
where β  is a geometric factor having a numerical value of about 0.4 and mε  is the plastic 
strain in the metal matrix [Bro76]. 
The yield strength of the current MMCs was calculated using Equations 1-9. The 
calculated values of the yield strength are shown in Figure 5.6 as a dashed line. The results 
reveal that Equation 1 remarkably underestimates the experimental values of the yield 
strength (represented by the data points  in Figure 5.6) in particular for the composites 
with high volume fractions of reinforcement (> 40 vol.%). Therefore, this indicates that 
calculations based on the combined effect of load bearing and dislocation strengthening 
cannot accurately explain the strengthening effect of the present particulate-reinforced 
composites. As a result, another strengthening mechanism should be active in the current 
composites. 
Equation 1 is applicable for composites containing low volume fractions of 
reinforcement. When the volume fraction increases up to some degree, for example larger 
than 40 vol.%, the Al matrix is partitioned and constrained by the reinforcing particles into 
discrete regions. The size of such regions, i.e. the matrix ligament size λ, decreases with 
increasing volume fraction and is reduced to a few micrometers in the composite with V = 
60 [Figure 5.3(c)]. This size effect, similar to the strengthening by grain refinement, can 
significantly contribute to the strength of the material because the matrix/particle interface 
can effectively inhibit dislocation movement [Hir96]. Similarly to the well-known Hall-
Petch relationship [Hal51], the strength increase ( sσ∆ ) caused by the decrease of the 
matrix ligament size can be expressed as  
λσ /ks =∆   ,  (10) 
where k  is a strengthening constant. The variation of the matrix ligament size as a 
strengthening effect can be taken into account in the calculations by modifying Eq. 1 as 
( )( )( )sdyy fff +++= 111 10σσ  ,  (11) 
where sf  is the factor related to the matrix ligament size effect and it is given by 
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0/ yssf σσ∆=     .  (12) 










=λ    ,  (13) 
where V is the volume fraction of the reinforcement, D  is the particle size and C is the 










=    ,  (14) 
where rrN /  and mrN /  represent the numbers of interfaces reinforcement/reinforcement and 
reinforcement/matrix per unit line, respectively. 
In Equation 11, df  is related to the enhanced dislocation density due to the residual 
plastic strain caused by the difference in the coefficients of thermal expansion between the 
matrix and the particles, whereas sf  is linked to the enhanced dislocation pile-up at the 
matrix/particle interface caused by the reduced matrix ligament size. These two effects are 
distinct although they both are related to the dislocation strengthening. A similar coupling 
treatment, which considers the Orowan strengthening effect in particulate-reinforced metal 
matrix nanocomposites can be also found in [Zha06]. 
The values of the yield strength calculated using Equation 11 are shown in Figure 5.6 
(solid line). The calculations are in excellent agreement with the experimental results. This 
indicates that the modified strengthening expression (Equation 11), which considers the 
combined effect of load bearing, dislocations strengthening and matrix ligament size, can 
be used to accurately model the yield strength of composites with high volume fraction of 
reinforcement and clearly illustrates the importance of the strengthening effect caused by 
the reduction in characteristic microstructural length in these composites. It is worth 
noticing that the value of k used for the present calculations (200 MPa µm1/2) is of the same 
order of magnitude as those for Al-Mg alloys (k = 260 MPa µm1/2) determined using the 
Hall-Petch relationship [Llo03]. This suggests that the reduction of matrix ligament size 
results in a similar strengthening effect as that observed for grain refinement. 
To further analyze the effect of the matrix ligament size on the mechanical properties 
of the composites, samples containing 40 vol.% of reinforcement were prepared using 
reinforcing particles with sizes in the ranges 0 < D < 20 µm (-20 µm), 20 ≤ D < 125 µm (-
20+125 µm) and 0 < D < 125 µm (-125 µm). SEM investigations (Figure 5.7) reveal that 
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the matrix ligament size λ increases from 18 µm for the powder with the entire size 
distribution (-125 µm) to 20 and 40 µm for the powders with (-20 µm) and (-20+125 µm), 
respectively. 
 
Figure 5.7 SEM micrographs for the consolidated composites with 40 vol.% of 
Al62.5Cu25Fe12.5 reinforcement with classified particle size (a) -125 µm (b) -20 µm and 
(c) +20-125 µm. 
The compression test results of these specimens are shown in Figure 5.8 together with 
the dependence of the yield strength on λ-1/2 (inset in Figure 5.8). The relationship between 
yield strength and λ-1/2 is approximately linear, corroborating the validity of Equation 11 
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and demonstrating that the metal ligament size effect plays a dominant role in the 
strengthening of the composites. 
 
Figure 5.8 Room temperature compression true stress-true strain curves for the hot 
pressed and hot extruded composites with 40 vol.% (V = 40) Al62.5Cu25Fe12.5 
reinforcement with classified particle size -125 µm, -20 µm and +20-125 µm. The 
insert displays the dependence of yield strength ( yσ ) on 2/1−λ  for the composites 
with the same reinforcement content but different particle size. 
Along with the strength of a composite, the fracture strain is a key parameter for the 
evaluation of the performance of a material. Under the applied stress, brittle reinforcing 
particles are prone to fracture, forming microcracks. Local stress/strain fields are induced 
ahead of the microcracks. The coalescence of the microcracks is controlled by the 
superimposed strain/stress fields along the matrix ligament, which is between two 
neighboring microcracks [Cha95, Liu04]. Assuming the particles/microcracks arranged in 
a cubic array, the fracture strain ( fε ) of the composites can be analytically obtained from 

















=   , (15) 
where ( )θε E~  is the effective value for the normalized coefficient ( )θε ij~  in Hutchinson-
Rice-Rosengren (HRR) field [Hut68, Ric68] and is a constant for θ  = 0; I and h  are 
functions of the strain hardening exponent n [Hut68, Ric68]. ε~ is the critical local strain at 
the center of the matrix ligament connecting two neighboring microcracks. The absolute 
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values of some parameters, such as ε~  and ( )θε e~ , are difficult to determine. However, 
these parameters can be regarded as approximately constant at constant microcrack size. 
Therefore, a normalization treatment [Cha95, Liu04, Liu05, Liu07] has been used in this 
work to evaluate the variation of fε  as a function of the reinforcement volume fraction / 
matrix ligament size. For this, the fracture strain fε  of the composites was normalized 
using the value of the fracture strain for the composite with V = 20. 
 
Figure 5.9 Normalized fracture strain of the consolidated samples as a function of the 
volume fraction of reinforcement: experimental data (points) and calculated values 
(lines). 
The values of the normalized fracture strain of the composites as a function of the 
volume fraction of the reinforcement are shown in Figure 5.9. Different values of the strain 
hardening exponent n, which cover the experimentally determined values from n = 0.14 
(V = 20%) to n = 0.28 (V = 60%), have been used in the calculations. The calculations for 
different values of n (lines) are in very good agreement with the experimental results (data 
points) not only for the present work but they also match the data of Schurack et al. 
[Sch03] for similar composites. This further indicates that the matrix ligament size ( λ ) is 
an important tool for accurately modeling the mechanical behavior of composites. 
 
5.3 Strengthening by phase transformation 
Composites are complex engineering systems in which the constituent materials are not 
in thermodynamic equilibrium during initial fabrication, during production of components 
Chapter 5. Al-based metal matrix composites reinforced with Al-Cu-Fe quasicrystalline particles 
 88 
or in use [Kai06]. Diffusion and phase transformations at interfaces can occur at any of 
these stages. This interfacial reaction between the matrix and the reinforcement plays a 
crucial role in determining the properties of metal matrix composites. By the use of 
thermodynamic and kinetic concepts, changes in the interface morphology in composite 
systems can be predicted and thus controlled [Han90]. Powder metallurgy processing 
employs lower and controllable temperatures compared to the liquid phase processing and, 
therefore, it offers better regulation of interface reaction kinetics [Han90]. The main 
features which govern interfacial reactions, compositions, phases and structures are: (1) 
surface energy effects at interfaces, including nucleation, and (2) stress effects 
accompanying diffusion at interfaces [Han90]. Reactions between the matrix and the 
reinforcement generally deteriorate the properties of the composites. For example, in 
Mg/Al2O3 composites, the interfacial reaction between Mg and the oxide creates a brittle 
interface that decreases the strength of composites beyond acceptable limits [Kai06] and, 
therefore, it should be avoided. 
Interfacial reaction between matrix and reinforcement are not always detrimental. For 
example, in the Al/Al-Cu-Fe (QC) composite system, the interfacial reaction between the 
Al matrix and the QC reinforcement has been used to enhance the strength of the 
composites through the formation a new microstructure consisting of the Al matrix 
reinforced with Al7Cu2Fe ω-phase particles [Tan04]. Along this line, in this paragraph, the 
reaction between the Al matrix and the Al62.5Cu25Fe12.5 reinforcement for the formation of 
the Al7Cu2Fe ω-phase is analyzed. The processing temperature has been systematically 
varied to optimize the processing-structure-property relationship.  
As already mentioned in Section 5.1, the tetragonal Al7Cu2Fe ω-phase exists between 
the icosahedral phase and aluminum at room temperature as well as at elevated 
temperatures [Fau91, Cal90, Gra93]. Above 723 K, atomic diffusion takes place at the 
Al/Al-Cu-Fe QC interface leading to the transformation from the icosahedral phase to the 
ω-phase with higher Al content [Tan04, Ken08]. 
In order to study this phase transformation, the phase evolution during heating of 
composites reinforced with 40 vol.% Al62.5Cu25Fe12.5 QC particles (V = 40) was 
investigated by high-energy X-ray diffraction at temperatures between 300 and 925 K. The 
results are shown in Figure 5.10, where the diffraction intensities are plotted against the 
scattering vector Qp = 4pisinθ/λ in the range between 10 and 60 nm-1. The pattern taken at 
room temperature (corresponding to the as-extruded sample) shows the presence of Al 
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along with the QC phase, therefore, corroborating the results from laboratory XRD 
experiments (Figure 5.2). The Al/Al-Cu-Fe composite is stable within a very large 
temperature regime. Only at high temperatures the patterns clearly show the emergence of 
new peaks (see for example the peaks at about 16, 27.6, 33.5 and 53 nm-1, indicated by 
arrows in Figure 5.10), which implies that a phase transformation occurs in this 
temperature range. 
 
Figure 5.10 XRD patterns (λ = 0.013 nm) as a function of temperature for the Al 
matrix composite reinforced with 40 vol.% Al62.5Cu25Fe12.5 quasicrystalline particles, 
summarizing the phase evolution during heating. 
To better understand the phase changes during heating, selected patterns taken at 
temperatures between 675 and 925 K are presented in Figure 5.11. The structure does not 
show any new diffraction peaks up to 740 K (Figure 5.11(a)). Above this temperature, new 
peaks corresponding to the tetragonal Al7Cu2Fe ω-phase can be observed (see for example 
the peaks at about 27.6 and 30.5 nm-1 in Figure 5.11(b)). From this point onwards, the 
intensity of the ω peaks increases while those corresponding to the QC phase decrease with 
increasing temperature. At 925 K the QC peaks can no longer be detected and fcc Al and 
the ω-phase are the only phases visible. This conforms to the phase diagram of the Al-Cu-
Fe system which shows that pure Al and the QC phase do not exist at equilibrium and 
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further indicates that the reaction between Al and the reinforcing QC particles can lead to 
the formation of the Al7Cu2Fe ω-phase [Bra39, Qui95, Eck11]. 
Figure 5.11 XRD patterns (λ = 0.013 nm) as a function of temperature for the Al 
matrix composite reinforced with 40 vol.% Al62.5Cu25Fe12.5 quasicrystalline particles: 
(a) Qp range between 15 and 55 nm-1 and (b) Qp range between 25 and 33 nm-1. 
 
Figure 5.12 Variation of the amount of phases (vol.%) during heating at 10 K/min the 
Al matrix composite reinforced with 40 vol.% Al62.5Cu25Fe12.5 quasicrystalline 
particles. 
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The amount of the different phases during heating (at 10 K/min) the Al matrix 
composite reinforced with 40 vol.% Al62.5Cu25Fe12.5 quasicrystalline particles was 
evaluated from XRD measurements and the results are shown in Figure 5.12 for the 
temperature range between 730 and 950 K. The reaction Al + QC  ω starts at 755 K at a 
slow rate and then it considerably accelerates above 800 K. The reaction is completed at 
about 925 K, where no QC phase can be detected. Due to the higher molar volume of the ω 
structure [Bel05], the relative amount of matrix/reinforcement changes, finally leading to a 
composite with a ω reinforcement content of about 53 vol.%, therefore, increased with 
respect to the original QC-reinforced composite (40 vol.%). 
 
Figure 5.13 XRD patterns (λ = 0.1789 nm) as a function of extrusion temperature for 
the Al matrix composite reinforced with 40 vol.% Al62.5Cu25Fe12.5 quasicrystals. 
In order to study the effect of the Al + QC  ω reaction on the mechanical behavior of 
the material, composites reinforced with 40 vol.% Al62.5Cu25Fe12.5 QC particles were 
extruded at different temperatures and then tested by room temperature compression tests. 
Figure 5.13 shows the diffraction pattern of the extruded samples. The sample extruded at 
693 K shows only two phases: namely QC and Al. On the other hand, the pattern of the 
sample extruded at 733 K reveals the formation of the ω-phase along with Al and QC 
phases. The amount of the ω-phase increases with increasing extrusion temperature and the 
composite extruded at 773 K shows the presence of pure Al and ω-phase only, in 
agreement with the XRD results in Figure 5.11. This indicates that, even under extrusion, 
the Al + QC  ω reaction proceeds and the formation of the low density ω-phase is not 
suppressed by the applied load. This is in accordance with Tsai et al. [Tsa93], who 
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reported the formation of the ω-phase during the sintering process of Al-based composites 







Figure 5.14 SEM and corresponding Al composition maps for the composites with 40 
vol. % quasicrystals extruded at (a, b) 693 K, (c, d) 733 K and (e, f) 773 K. 
Figure 5.14 displays the SEM micrographs and the corresponding Al composition maps 
obtained by EDX for the composites reinforced with 40 vol. % quasicrystals extruded at 
693 , 733 and 773 K. As the extrusion temperature increases, the extent of aluminum 
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lowest temperature (693 K) does not lead to any detectable aluminum diffusion into the 
reinforcing particles. Processing at 733 K induces aluminum diffusion into the QC 
particles, reaching depths of about 5–10 µm. With further increasing the extrusion 
temperature to 773 K, the Al EDX map shows that aluminum diffusion has covered most 
of the areas between the reinforcing particles. This observation confirms the results from 
X-ray diffraction (Figure 5.13) showing the increasing amount of Al-rich ω-phase in place 
of the QC phase with increasing the processing temperature. 
Figure 5.15 (a) Room temperature compression stress-strain curves for the Al matrix 
composites reinforced with 40 vol.% Al62.5Cu25Fe12.5 quasicrystals extruded at different 
temperatures and (b) corresponding yield strength values versus extrusion temperature. 
The room temperature stress-strain curves under compression of the composites 
reinforced with 40 vol.% Al62.5Cu25Fe12.5 quasicrystals extruded at different temperatures 
are shown in Figure 5.15(a). With increasing extrusion temperature the yield strength is 
significantly improved from 195 MPa for the sample extruded at 693 K to 265, 325, 390 
and 400 MPa for extrusion at 743, 753, 773 and 848 K, respectively (Figure 5.15(b)). The 
compressive strength also shows improvement with increasing extrusion temperature. 
Interestingly, the samples extruded at 773 and 848 K, which show full completion of the 
Al + QC  ω reaction, also show similar yield strength. This observation suggests the 
importance of the ω-phase in enhancing the yield strength of the composites. 
The yield strength of the composites reinforced with 40 vol.% quasicrystals extruded at 
different temperatures (Figure 5.15(b)) are plotted as a function of the total vol.% of 
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reinforcement (QC and ω-phase) in Figure 5.16 along with the experimental and calculated 
values from Figure 5.6.  
 
Figure 5.16 Yield strength of the consolidated samples as a function of the volume 
fraction of reinforcement. Experimental data (points): ● Al + QC composites, ▼Al + 
(QC/ω) composites extruded at different temperatures. Calculated values (line) from 
1f  (load bearing effect), df  (dislocation strengthening) and sf  (matrix ligament 
size). 
The matrix ligament size λ between reinforcement particles in Al matrix decreases 
appreciably as the Al + QC  ω transformation progresses, i.e. the emergence of the ω 
phase expands the boundaries of the reinforcing particles towards the matrix, thus 
decreasing the distance to the neighboring reinforcement particle. For the composite with 
40 vol.% quasicrystals, extrusion at 693 K results in an average λ of about 20 µm, while 
extrusion at 773 K decreases λ to about 10 µm.  The decreasing matrix ligament size can be 
imagined as a result of increasing particle size of the whole reinforcement size distribution 
curve by a factor ~ (molar volume of ω / molar volume of QC)1/3. As discussed in Section 
5.2, the matrix ligament size is the basic factor in determining the extent of the Orowan 
strengthening (Equation 5) and through the enhanced dislocation pile-up at the 
matrix/particle interface caused by the reduced λ (Equation 10). As a result of these 
strengthening mechanisms, the yield strength of the composites samples containing some 
fraction of ω-phase would rise above that of the parent composite.  
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Indeed, the yield strength of the Al + (QC/ ω) composites (red symbols in Figure 5.16) 
is higher compared to the parent composite. However, the strength values predicted by the 
strengthening model based on Equation 11 (black line in Figure 5.16) diverges from the 
experimental values as the Al + QC  ω transformation progresses, underestimating the 
yield strength of the composites. This implies that additional strengthening effect(s) have 
to be considered to accurately describe the mechanical behavior of the composites 
involving the QC-to-ω-phase transformation. For example, phase transformations during 
processing can considerably affect the interfacial bonding between the matrix and the 
reinforcement particles, which in turn can determine the extent of dislocation pile up on the 
matrix/reinforcement interface [Zha06]. This is particularly important for composites 
containing large amounts of reinforcing particles (> 40 vol.%), where the matrix/particle 
interface can effectively inhibit dislocation movement [Hir96]. 
The scenario is further complicated by the creation of residual stresses during the Al + 
QC  ω transformation. Considering the molar volumes of the QC, ω and Al phases 
[Tan04], the ω-phase formation should be accompanied by an increase of the 
reinforcement volume. To accommodate the extra volume compressive stresses arise in the 
matrix surrounding the reinforcing particles [Tan04]. During compression tests, the 
compressive residual stresses add up to the applied load, decreasing the strength of the 
material [Cha01-b]. However, despite the residual compressive stresses, the ω-phase 
reinforced composites result in higher strength under compression loading. This suggests 
that the accompanying mechanism contributing to the enhanced strength (e.g. the improved 
interfacial bonding) may overcome the negative effect of residual compressive stresses. 
Additional investigations are needed to clarify these aspects and to quantitatively study 
the individual factors contributing to the mechanical behavior of transformation-
strengthened composites. Nevertheless, the strengthening model based on Equation 11 
provides a powerful tool to accurately predict the mechanical properties of composites 
from simple microstructural features, which is a key aspect for the design, selection and 
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Chapter 6. Conclusions and outlook 
Among the advanced materials developed recently, Al–Cu–Fe quasicrystalline phases 
are attractive candidates for structural as well as for functional applications due to their 
unique properties (e.g. low electrical and thermal conductivity, unusual optical properties, 
low surface energy and coefficient of friction, oxidation resistance, biocompatibility, high 
hardness, and easy availability and favorable costs of their alloying elements), which 
renders them quite unique in comparison to conventional crystalline materials. In addition, 
the good interfacial bonding and the compatible thermal expansion coefficient with the Al 
matrix make Al–Cu–Fe quasicrystals the ideal candidate as reinforcement in Al-based 
metal matrix composites (MMCs). 
For most of the applications (e.g. coatings, catalysis and composites), the Al–Cu–Fe 
quasicrystals (QC) have to be in powder form. Therefore, powder metallurgy (P/M) 
methods become crucial for the production of QC powders with optimized properties, such 
as particle size and shape, particle size distribution, grain size and hardness. 
Ball milling is one of the most versatile P/M routes for the production of a wide variety 
of powders. Depending on the milling parameters used, ball milling can result in grain size 
refinement as well as in solid−state alloying beyond the equilibrium solubility limit and the 
formation of amorphous, quasicrystalline or nanostructured materials for a broad range of 
alloys, intermetallic compounds, ceramics and composites. 
In this thesis, the effect of mechanical deformation on structure, thermal stability and 
hardness of Al–Cu–Fe quasicrystals has been investigated in detail. Among the milling 
parameters, the milling intensity is the most important for determining the milling process 
and the corresponding end product. Accordingly, the purpose of the milling investigations 
was to study the effect of mechanical milling at different milling speeds (which 
approximately scale with the milling intensity) on mechanically-induced phase 
transformations during milling and on the phase evolution during subsequent heating. 
The starting material for the milling experiments was a spray-deposited quasicrystalline 
alloy with composition Al62.5Cu25Fe12.5. Structural investigations revealed that the as-
deposited material consists of a high-quality single-phase face centered icosahedral (fci) 
quasicrystalline phase. This material was chosen because mechanical milling of a single-
phase alloy permits to clarify the stability of the material with respect to the mechanical 
deformation induced by milling and its thermal stability during subsequent annealing 
without possible interferences that may arise from long-range atomic diffusion that, in 
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contrast, occurs during mechanical alloying of elemental powders and mixtures of 
intermetallic compounds. In addition, by mechanical milling of single-phase materials, the 
effect of milling on the mechanical properties can be analyzed through hardness methods 
avoiding possible artifacts resulting from a multi-phase structure. 
The results of the milling experiments indicate that, irrespective of the milling speeds 
used, mechanical milling of Al62.5Cu25Fe12.5 quasicrystals leads to the formation of a 
disordered CsCl-type β phase with grain size of about 10 – 20 nm. The kinetics of the QC–
to–β phase transformation was analyzed in detail. For all the milling intensities, the kinetic 
curves consist of three different stages. The first stage is an incubation time (t0), with no 
evidence of β phase formation, where powders are cold-worked, apparently only storing 
mechanical energy. The QC–to–β phase transformation starts after this activation period 
and occurs at a significantly high rate. This step is followed by a third stage characterized 
by a much slower transformation rate. The variation of the milling speed does not change 
this behavior. However, the milling intensity does have a considerable effect on the 
characteristics of the transformation. The increase of the milling speed shortens the 
incubation time needed to start the QC–to–β phase transformation from about 20 h for 
milling at 150 rpm to 3 and 1 h for milling carried out at 250 and 350 rpm. Also, the 
transformation is much faster for milling at 250 and 350 rpm compared with milling at 150 
rpm.  
The QC–to–β phase transformation starts when the grain size of the quasicrystals is 
reduced to about 10 nm irrespective of the milling speed used and clearly indicates that a 
critical grain size of the quasicrystals for initiating the transformation exists. On the other 
hand, no critical value of quasilattice strain was found for the QC–to–β transformation. 
This suggests that the phase transformation is controlled by the local length scale (i.e. the 
grain size) and by the corresponding grain boundaries rather than by the energy stored in 
the lattice. This hypothesis is corroborated by calorimetric measurements showing that the 
energy stored in the quasicrystals during and released during heating is in excellent 
agreement with the calculated grain boundary energy, strongly supporting the fact that 
most of the energy transferred to the material during milling is stored in the form of grain 
boundaries. 
Energetic considerations obtained through a simple model based on the mass and 
velocity of the milling balls reveal that the energy needed for the QC–to–β transformation 
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increases with increasing the milling speed from 150 to 350 rpm, that is, the energetic 
efficiency of the process decreases with increasing the milling intensity. This indicates that 
part the extra energy supplied during milling at high intensities (i.e. 250 and 350 rpm) is 
not used to induce the phase transformation but it is dissipated by heat. 
During heating, the milled powder displays a multi-step thermal behavior characterized 
by grain growth of the disordered β phase at low temperatures, followed, at higher 
temperatures, by its transformation into the original icosahedral quasicrystalline phase. The 
transformation is gradual and the quasicrystals and the disordered β phase coexist over a 
temperature interval of more than 250 K. In contrast to the material milled at 150 rpm, for 
the powders milled at 250 and 350 rpm, the β–to–QC transformation is not complete. The 
amount of residual β phase left after heat treatment increases with increasing milling speed 
from 250 to 350 rpm. This behavior is due to the impurity contamination (i.e. Fe and O) 
during milling, which shifts the chemical composition of the powders towards the Fe-rich 
corner of the phase diagram, therefore, favoring the formation of the Fe-rich β phase. 
The phase transformations occurring during milling and subsequent annealing have a 
remarkable effect on the hardness. For example, the hardness of the quasicrystals milled at 
150 rpm decreases sharply in the first stages of milling from ~ 9.6 GPa (the hardness of the 
starting icosahedral phase) to about 7.7 GPa after about 40 h of milling. The hardness 
slightly decreases for longer milling times, reaching a saturation value of about 7 GPa for 
milling times exceeding 200 h. This is a consequence of the formation of an increasing 
amount of the softer β phase (hardness 7.6 GPa) with increasing the milling time. The 
mechanically-induced softening can be reversed by using the proper heat treatment. The 
hardness continuously increases from about 7 GPa for the powder milled for 600 h to 10 
GPa for the sample heat-treated at 1073 K. The comparison of the hardness vs. temperature 
with the structure evolution during heating clearly indicates that the hardness of the 
material is strongly correlated with its structure. The hardness is low (~7 GPa) for the as-
milled powder that shows a structure consisting of the nanocrystalline β phase and it 
increases with increasing temperature due to the formation of the quasicrystalline phase, 
which is characterized by higher values of hardness. Finally, at 1073 K, where the structure 
consists of the quasicrystalline phase, the hardness goes back to the typical values of 
quasicrystals (~9.6 GPa). The possibility to tune the hardness within a wide range of values 
(7–9.6 GPa) as a function of the volume fraction of the different phases suggests that a 
composite material with optimized strength and toughness, required for technological 
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applications, such as for coatings materials and thin films, can be produced by an 
appropriate thermo-mechanical treatment. 
Interestingly, the milled Al62.5Cu25Fe12.5 quasicrystals do not show hardening in the 
first stages of milling as it would be expected by the Hall-Petch (HP) relationship, which 
would predict an increase of hardness with the decrease of the grain size. This is probably 
linked to the formation of the soft β phase already in the first stages of milling at speeds ≥ 
150 rpm. In order to clarify this aspect, the hardness of nanocrystalline Al62.5Cu25Fe12.5 
quasicrystals produced by mechanical milling has been measured over a wide range of 
grain sizes. The quasicrystals were milled at a low milling intensity (100 rpm) and for a 
relatively short time (80 h) to prevent the formation of the β phase. 
The quasicrystals milled at low speed show two distinct hardness behaviors: a Hall-
Petch behavior for decreasing the grain size from 2000 to 40 nm, where the hardness 
increases from 9.6 to 11.5 GPa, and an inverse HP behavior for grain sizes smaller than 40 
nm, where the hardness decreases from 11.5 to 8.6 GPa. Interestingly, the HP behavior 
observed for grain sizes larger than 40 nm is not linear. The hardness initially increases 
slightly from 9.6 to 9.8 GPa with a slope k = 2.3 GPa/nm1/2 for a size reduction from 2000 
to 100 nm. This is followed by a second stage between 100 and 40 nm, where the hardness 
increases more steeply from 9.8 to 11.5 GPa with a slope k = 30 ± 4 GPa/nm1/2. The 
transition between HP to inverse HP behavior occurs at about 40 nm, which represents the 
critical value for grain size softening of the present Al62.5Cu25Fe12.5 quasicrystals. Below 40 
nm, the slope of the HP plot becomes negative (k = −37 ± 6 GPa/nm1/2).  
This behavior may be attributed to the complexity of the quasicrystalline structure and 
to its peculiar deformation mechanism at room temperature, where dislocation-assisted 
deformation is almost absent. Similarly to bulk metallic glasses, the deformation of QCs at 
room temperature is mainly controlled by shear band formation rather than by dislocation 
mechanisms. The creation of defects in the QC structure during the first stages of milling 
may further hamper the movement of the phason and phonon components of the 
dislocations. In addition, the formation of new grain boundaries resulting from grain 
refinement may act as obstacles for the propagation of the shear bands, explaining the HP 
effect observed for grain sizes above 40 nm. With further decreasing the grain size below 
40 nm, an increasingly large amount of grain boundary areas are created, where the atoms 
are highly disordered in nature, locally resembling an amorphous phase. Here, shear 
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banding as well as grain boundary sliding, which are also operative in many 
nanocrystalline materials, may be favored, explaining the reduction of hardness. 
The Al62.5Cu25Fe12.5 quasicrystalline phase is not only attractive in the single-phase 
form for applications as coatings or catalysts but it represents an ideal candidate as 
reinforcement in lightweight high-strength MMCs due to its attractive properties, including 
relatively low density (~ 4.7 g/cm3), high hardness (9.6 GPa) and high-temperature 
strength (~ 220 MPa at 893 K). In order to analyze the effectiveness of the Al62.5Cu25Fe12.5 
quasicrystals as reinforcing agent in metal matrix composites, Al-based composites were 
synthesized by hot extrusion of elemental Al blended with different amounts of 
Al62.5Cu25Fe12.5 quasicrystalline particles. The work was focused on two specific aspects: 
evaluation of the mechanical properties through room temperature compression tests and 
modeling of the resulting properties. The addition of the quasicrystalline reinforcement is 
very effective for improving the room temperature mechanical properties of pure Al. The 
compressive strength increases from 155 MPa for pure Al to 330 and 407 MPa for the 
composites with 20 and 40 vol.% of reinforcement, respectively, reaching an ultimate 
strain of 55 % and 20 % before fracture occurs. These results indicate that the addition of 
the QC reinforcement leads to composite materials with compressive strengths exceeding 
that of pure Al by a factor of 2 – 2.5, while retaining appreciable plastic deformation. 
The mechanical properties of the composites have been modeled by taking into account 
the combined effect of load bearing, dislocation strengthening and matrix ligament size 
effects. The calculations are in very good agreement with the experimental results and 
reveal that the reduction of the matrix ligament size, which results in a similar 
strengthening effect as that observed for grain refinement, is the main strengthening 
mechanism in the current composites. 
Finally, the interfacial reaction between the Al matrix and the QC reinforcement has 
been used to further enhance the strength of the composites through the formation of a new 
microstructure consisting of the Al matrix reinforced with Al7Cu2Fe ω-phase particles. The 
optimization of the structure-property relationship was done through the systematic 
variation of the processing temperature during consolidation. The mechanical behavior of 
these transformation-strengthened composites is remarkably improved compared to the 
parent material. The yield strength of the composites significantly increases as the Al + QC 
 ω transformation progresses from 195 MPa for the sample reinforced only with QC 
particles to 400 MPa for the material where the Al + QC  ω reaction is complete. 
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These results clearly demonstrate that powder metallurgy, i.e. powder synthesis by ball 
milling followed by consolidation into bulk specimens, is an attractive processing route for 
the production of novel and innovative lightweight composites characterized by high 
strength combined with considerable plastic deformation. In addition, these findings 
indicate that the mechanical behavior of Al-based composites reinforced with 
Al62.5Cu25Fe12.5 quasicrystalline particles can be tuned within a wide range of strength and 
plasticity depending on the volume fraction of the reinforcement as well as on the extent of 
the interfacial reaction between Al matrix and QC reinforcing particles. 
QC-reinforced composites are very promising materials for lightweight structural 
applications. However, to fully uncover their potential as structural materials, the 
mechanical behavior of these novel Al-based composites has to be systematically 
investigated. For example, extensive studies on their tensile properties have to be carried 
out in order to confirm the results from the compression tests. In addition, fatigue, wear 
and corrosion properties of the consolidated materials, which are crucial aspects for any 
potential commercial application, have to be fully evaluated. 
 
Figure 6.1 Room temperature compression stress-strain curves for the unreinforced 
pure 6061 (Al-Si-Mg) alloy and for the composite reinforced with 20 vol.% of 
Al62.5Cu25Fe12.5 particles. 
Another important aspect that should be considered for further investigations is the 
effect of the Al62.5Cu25Fe12.5 quasicrystalline particles as reinforcement for high-strength 
Al-based matrices. With this regard, preliminary tests have shown that the strength of the 
6061 Al-alloy (Al-Si-Mg) is significantly increased by the addition of the Al62.5Cu25Fe12.5 
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quasicrystals, as shown in Figure 6.1. The addition of only 20 vol.% of Al62.5Cu25Fe12.5 
particles increases the compressive strength from 260 MPa for the unreinforced 6061 
matrix to about 500 MPa for the composite material. This demonstrates that the 
Al62.5Cu25Fe12.5 quasicrystalline phase is also very effective for improving the mechanical 
properties of high-strength Al-based alloys and promises that with the proper use of the 
strengthening mechanisms (e.g. solid solution strengthening, precipitation hardening, 
dispersion strengthening and work hardening) the mechanical properties of these high-
strength composites can be further improved. Also, the temperature of solution heat 
treatment for the high-strength Al-based alloys (~773 K) nicely overlaps to the temperature 
regime where the reaction between the Al matrix and the QC reinforcement occurs, 
opening the possibility to combine the heat-treatment strengthening of the matrix with the 
transformation-induced strengthening of the composite into a single processing step in 
order not only to optimize the performance of the material but also to develop a cost 
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